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Abstract 
   One of the major contributors of carbon fibre composite failure is ineffective 
adhesion at the interface between fibres and the surrounding resin matrix, resulting 
in de-bonding. The objective of this thesis was to identify a number of surface 
modification techniques which could utilise functional groups present on the carbon 
fibre, to enhance interfacial adhesion. Five functionalisation strategies were chosen: 
N-acylation (defect site functionalisation), Bingel reaction, nitrene formation, 1,3-
dipolar cycloaddition and diazonium formation. The ultimate aim being the 
development of surface grafting protocols which would allow for a pendant amine 
to protrude from the surface of the fibre and interact covalently with the epoxy resin.  
The resulting fibres were then characterised using X-ray Photoelectron 
Spectroscopy (XPS), as well as a full suite of physical characterisation techniques 
and single fibre composite formation.  
 
Figure 1. Visual illustration of all functionalised carbon fibre samples  
   N-acylation was undertaken using a simple two-step process: first activating 
surface carboxylic acid groups 38 with thionyl chloride, followed by the 
introduction of ethylene diamine to the fibre surface 39. XPS analysis was consistent 
with the presence of the proposed compounds, and physical characterisation of the 
functionalised fibres showed no statistically significant changes, relative to control 
fibres, in important performance parameters such as: tensile strength (control 3.55 
N/tex, 38 -6%, and 39 -6%), elastic modulus (control 171.0 N/tex, 38 +7%, and 39 
+2%), and Rms roughness (control 34.8 nm, 38 -4%, and 39 +24% with a large 
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spread in data). Interestingly, a statistical increase in surface Coefficient of friction 
(control 0.186, 38 +23%, and 39 +23%) after fibre treatment, was noted. Interfacial 
Shear Strength (IFSS) was then measured using the Single Fibre Fragmentation Test 
(SFFT), revealing a sizable increase (21%) in interfacial shear strength after the 
addition of amine to the surface when compared to the control sample (control 3.85 
cN/tex, and 39 4.66 cN/tex). 
  While synthetic difficulties led to the omission of the Bingel reaction strategy and 
resulting functionalised fibres from the final analyses, synthesis of analogues for in 
situ nitrene formation, 1,3-dipolar cycloaddition and in situ diazonium formation 
proved to be both scalable and tailorable. 
  The design and synthesis of nitrobenzyl azide 2 for attachment via in situ nitrene 
formation to 3 proceeded smoothly and in excellent yield (94%), however the 
methodology did not extend to the inclusion of pendant amines for enhanced 
interfacial adhesion.  Thus SFFT was not undertaken for these samples. Analysis by 
XPS gave data consistent with the presence of the proposed functional groups on 
the surface. Completion of physical characterisation once again indicated the 
functionalised fibres 3 had retained their important strength and roughness 
characteristics, relative to control fibres. Much like the changes observed for 
products 38 and 39, 3 also displayed a statistical increase in CoF (0.261, +40%).  
  1,3-Dipolar cycloaddition methodology was used to functionalise the carbon fibre 
surface using commercially available p-nitrobenzaldehyde 73, and a synthesised 
glycine analogue 72. The functionalised product 75 bearing a protected amine was 
then subjected to deprotection protocols to reveal a free amine 76. Both samples 
were chemically and physically characterised as before, and XPS revealed the 
inclusion of proposed compound to the surface, while physical characterisation 
confirmed the treated fibres had retained their high performance. SFFT was 
conducted on both 75 and 76 to highlight any changes which occurred as a result of 
amine deprotection. An initial decrease in IFSS was observed for 75 relative the 
control sample (from 3.84cN/tex to 3.07 -20%). Whereas, deprotection of the 
surface amines 76 resulted in a marked increase in IFSS (3.97, +29%, an overall 
increase of +3%), which was attributed to the interaction of the compounds grafted 
to the surface interacting with the epoxy resin. 
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  Finally, two different compounds 88 and 93 were designed and synthesised for 
functionalisation of the fibre surface via in situ generation of nitrenes. 
Functionalisation using 88 gave products 89 (protected amine) and 90 (deprotected), 
with a CF3 functional group in the ortho-position (relative to the point of 
attachment). By comparison, functionalisation using 93 gave products 99 (protected 
amine) and 100 (deprotected), with a CF3 functional group in the meta-position. As 
with the previous samples, XPS was used to analyse the surface composition, and 
while the presence of compounds on products 99 and 100 were confirmed, samples 
89 and 90 remained inconclusive.  This result was attributed to the steric interaction 
of the CF3 group ortho to the anilinic nitrogen, supported by evaluation of solution 
phase acylation reaction. Once more, physical characterisation demonstrated that 
the treatments had no adverse effects on the fibre performance. However, coefficient 
of friction showed an interesting trend, with samples 89 and 90 remaining 
unchanged, while 99 and 100 showed a significantly large increase (control 0.170 
nm, 99 +72%, and 100 +54%). This trend was also reflected in the SFFT analysis, 
with samples 89 and 90 decreasing in IFSS (control 3.84 cN/tex, 89 -12%, 90 -
19%), in contrast to samples 99 and 100 which show a marked increase after an 
initial decrease (99 -34%, 100 +69%).   
  The overall conclusions of this thesis are that carbon fibre defect sites can be 
effectively utilised for functionalisation without an additional oxidation treatment. 
Additionally, for the first time, surface graphitic sites on as-recieved carbon fibre 
have been successfully utilised for the introduction of new surface chemistries via a 
number of different mechanisms. Three of the assessed functionalisation techniques 
were concluded to be highly applicable to the treatment of carbon fibre (CF) 
surfaces: N-acylation, 1,3-dipolar cycloaddition, and in situ formation of diazonium 
species.  
   The introduction of covalent bonds between the carbon fibre surface and 
theoretically bound molecules are incredibly difficult to detect. Instead, success 
could be inferred using XPS, and the integrity of the treated product using a 
combination of tensile testing, elastic modulus, Weibull analysis, Coefficient of 
friction, AFM. Finally, single fibre composite formation was used to determine the 
effect on interfacial adhesion as a result of the treatment. In each of the samples 
which successfully introduced a pendant amine to the fibre surface, IFF always 
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showed a marked improvement (from 19% to 69%). These discoveries have 
widened the scope of potential fibre surface chemistries, and overcome limitations 
which were previously attributed poor reactivity on the carbon fibre surface. 
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1.1 Background 
  Carbon fibre reinforced composites have become the paragon of high-performance 
materials and as such, have attracted attention from a wide variety of fields including: 
automotive, aerospace, and manufacturers of professional sport equipment. A major 
factor contributing to this popularity is their unparalleled strength to weight ratio and 
the corresponding implications for fuel efficiency and durability. However, these 
composites only exhibit a fraction of their theoretical maximum strength. As a result 
considerable effort into understanding the role of fibre-matrix adhesion is underway,1-
5  with the aim of maximising the translation of the carbon fibre tensile properties into 
the final composite.  Previous efforts in this area peaked in the 1970’s and 80’s, 6-12 
and only recently has the relative importance of fibre modification to enhance a strong 
interfacial bond, experienced a renaissance in the scientific literature.13-16 
  Under high impact or strain, carbon fibre reinforced composites often demonstrate 
delamination failure, where the resin is stripped away from the fibre surface.17, 18 The 
majority of the fibre outer layer is largely graphitic/turbostratic in nature,19, 20 and 
while this contributes to the crucial elements of strength, it provides minimal chemical 
or physical interaction with the curing resin, thus limiting the ability to transfer load 
or strain from matrix to fibre. During production, the fibres are usually passed through 
an electrolytic bath to increase fibre roughness and add polar functional groups to the 
surface to enhance fibre-matrix interactions at the interface. This chemical treatment 
is thought to increase the degree of fibre-matrix adhesion and performance of the final 
composite material.21 Incorporation of chemical treatment to further improve fibre-
matrix adhesion and successful load transfer has been of both academic and industrial 
interest in the drive toward a new generation of high-performance carbon fibre 
composites.22 
  Investigations which have been undertaken to chemically modify the surface of 
carbon fibre have encompassed a wide variety of solution phase,23, 24 atmospheric,25 
plasma,26 and electrolytic treatments.27, 28 The majority of these efforts have been 
directed toward increasing density of oxygenated species (typically COOH, C=O and 
OH) on the fibre surface by oxidation. This simultaneously increases the hydrophilicity 
or “wettability” of the fibre and increases the potential occurrence of intermolecular 
interactions (such as hydrogen bonding) between the fibre and matrix.24 These 
oxidative conditions insert oxygenated functional groups by disrupting the graphitic 
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(structural) component of the fibres. While low levels of oxidative treatment improve 
both fibre and composite performance, higher levels of treatment begin to introduce 
defects to the fibre surface at the expense of the overall fibre strength.28  
  There have been very few examples of chemical grafting on to the fibre utilising 
carboxylic acid functionalities without the fibres undergoing an additional oxidation 
procedure, and even fewer approaches utilising the abundant graphitic surface. 
Conversely, carbon nanomaterials such as graphene, carbon nanotubes (CNT) and 
fullerene have an extensive history of successful surface modifications, grafting and 
functionalisation which demonstrate the versatility of non-oxidising chemistry to 
introduce new functionality to a largely graphitic surface.29-31  Drawing inspiration 
from these latter techniques it was proposed that utilisation of chemistries which focus 
on grafting small molecules via the graphitic surface may have unrealised potential in 
probing the role in fibre-matrix adhesion and enhancing the overall performance of 
carbon fibre composites.  
1.2 Research aims and objectives 
  The focus of this thesis was to answer the question: is it possible to graft molecules 
on to the surface of carbon fibre with pendant reactive groups (amine) to increase 
interfacial adhesion?  
To answer this question, it was proposed that a number of different organic chemistry 
techniques could be investigated to evaluate their viability in the surface 
functionalisation of carbon fibre. Several appropriate methods were identified which 
utilise the electron rich nature of graphitic carbon to form covalent bonds, as well as 
one method which utilises defect site functional groups to graft other molecules. 
Molecular design and synthesis was undertaken to not only make compounds which 
could be detected by chemical analysis of the fibre surface, but have the ability to 
covalently react with an epoxide based resin. 
  Finally the treated samples were assessed to determine the effect on fibre/matrix 
adhesion. The following studies were completed to answer the research question 
described above: 
 Selection of a number of functionalisation techniques which were 
appropriate in the application to carbon fibre. Requirements included 
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the ability to scale up synthesis and techniques which were chemically 
applicable without damaging the fibres. 
 Design of molecules which were suitable for each of the selected 
techniques, followed by synthesis and optimisation.  
 Adaptation of reported functionalisation reaction conditions (for 
carbon nano-materials), to functionalise carbon fibre. 
 Using X-ray Photoelectron Spectroscopy analysis on each of the 
functionalised samples to detect changes in atomic ratio on the fibre 
surface. 
 Physical characterisation of individual fibres to ensure their desirable 
strength and stiffness characteristics remained unchanged. 
 The preparation of single-fibre composites.  
 Testing the composites to failure, determination and measuring the 
average fragment size after breakage to calculate the effect on 
interfacial shear strength.  
1.3 Thesis outline 
  This thesis begins with a literature review (Chapter 2), which covers the history of 
carbon fibre through to current processes. The review describes the performance of 
carbon fibre reinforced composites, and their failure mechanisms based on different 
types of impact and strain. With fibre/matrix de-bonding identified as a major 
contributor to composite failure, the research which has been conducted in this field to 
rectify this issue in the context of surface treatment and modification is summarised. 
The body of work which encompasses the use of organic chemistry techniques on both 
carbon fibre and other carbon materials is then described, to give context to the aims 
of this project. 
  Chapter 3 describes the preliminary investigations into a series of potential fibre 
surface functionalisation techniques. These include amide formation, Bingel reaction, 
and nitrene addition from organic azide. The functionalisation protocols are described, 
followed by X-ray Photoelectron Spectroscopy (XPS), to detect diagnostic changes in 
surface atomic composition as a result of treatment. Full physical characterisation of 
the treated single fibres is then described in Chapter 4. Analysis of tensile strength, 
elastic moduli, Weibull distribution and coefficient of friction of individual fibres are 
detailed, and compared to control fibres. This is accompanied with Atomic Force 
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Microscopy (AFM) topology and roughness to understand any statistically significant 
changes which had occurred as a result of fibre treatment on the nanoscale. 
  Chapter 5 introduces a fourth functionalisation strategy, 1,3-dipolar cycloaddition 
reaction via azomethine generation. First the design, synthesis, and optimisation of a 
series of analogues with varying “linker” lengths and polarity are highlighted, followed 
by selection of one compound for determination of fibre functionalisation viability. 
This data is accompanied by the physical and chemical analyses described in the 
previous two chapters, the results of fibre characterisation are compared with respect 
to changes noted between control carbon fibre, and that which had undergone 
cycloaddition. 
  The in situ generation of reactive diazonium species from substituted aniline protocol 
is outlined in Chapter 6. First, a brief reflection on previous work conducted within 
the research group is highlighted to establish the beginning of new molecular design. 
This is followed by the design and synthesis of a complex anilinic compound suitable 
for grafting. Once again, functionalisation followed by full physical characterisation 
is given, along with comparisons to previous work. After determination of a notable 
decrease in reactivity, molecular redesign and evaluation was conducted and the 
solution phase reactivity study reported. A second complex molecule was then 
synthesised to overcome the original limited reactivity, followed by physical 
characterisation. 
   Chapter 7 evaluates the previously described fibre treatments via the SFFT test used 
to measure IFSS. From these results, the most successful treatment protocols were 
amide formation (defect site chemistry) to install surface amines, and diazonium 
formation (graphitic site chemistry); both of which showed a marked increase in IFSS 
after the installation of a primary amine to the carbon fibre surface. 
  Chapter 8 gives an overview and summary of the research highlights outlined within 
the body of the thesis. This is followed by thorough documentation of characterisation 
and experimental procedures in Chapter 9. Finally Chapter 10 details all appendices 
cited in the body of the text. 
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This chapter describes the background of the research field relevant to the 
project,  with a particula r focus on carbon fibre and surface treatments.  
2.1 The history of carbon fibre and related materials 
  Carbon fibre reinforced composites are light weight, high strength materials utilised 
in the latest automotive and aerospace applications. These materials came from humble 
beginnings; the invention of the light bulb. In his early efforts to construct his first 
light bulb prototype, Thomas Edison chose to synthesise a “carbon fibre” resistor, 
coiling a bamboo filament, and pyrolising it by charring the natural fibre at high 
temperature in an inert atmosphere to yield a coiled carbon resistor.32 Although this 
filament was to be later replaced with the more effective tungsten filament, work on 
carbon fibres continued steadily through the late 1800’s with Schützenberger studying 
the growth of carbon filaments from benzene vapour and thermal decomposition of 
hydrocarbons.32, 33  
  The major peak in interest was driven by both the technology boom of World War II 
and mounting interest in new aerospace technologies, for which there was a need to 
develop strong and light weight composites with excellent mechanical properties.32 
The research conducted by companies such as Union Carbide Corporation in 1959-62, 
intensified the development of continuous carbon fibre formation from precursors such 
as rayon and polyacrylonitrile (PAN), with high modulus and high strength 
properties.32 One year later, high modulus carbon fibre was synthesised from 
mesophase pitch, a product which can be synthesised from petroleum distillation 
residue and coal tar, both of which are rich in aromatised organic compounds such as 
benzene and quinolone.34 With many alternative precursors considered, such as: 
polyesters, polyamides, polyvinylidine, polyvinyl alcohol, poly-p-phenylene and other 
phenolic resins, none matched the strength or modulus properties of fibres derived 
from PAN, rayon and pitch fibres.32  
  Parallel to these developments was the formation of carbon whiskers from graphite 
by Roger Bacon.32, 35 The mechanical and elastic properties of these small, scroll-
shaped rolled carbon tubes (tensile strength of 20 GPa and Young’s modulus of 700 
GPa),35  far exceeded that of commercial carbon fibres at the time (tensile strength of 
5.7 GPa and Young’s modulus of 280 GPa),34 by orders of magnitude, setting the 
benchmark for carbon fibre properties. As well as this, interest in bulk synthetic carbon 
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materials with properties similar to that of single graphite crystals by researchers 
Ubbelohde and co. in the 1960’s, led to the evolution of highly oriented pyrolitic 
graphite (HOPG), a material which is considered to provide an ‘ideal’ graphitic carbon 
surface.32, 36 
  Attention soon turned to addressing the approaching limitations of improving the 
micro- and macro-structures of carbon fibres in terms of fibre defects using current 
technology. Because of this, in the 1970’s research on carbon fibre continued by 
focussing on two themes: 1) investigating new technologies such as catalytic chemical 
vapour deposition (CVD) to enhance fibre structure and mechanical properties,37, 38 
and 2) industry based research into optimisation of every step in current fibre 
manufacture to maximise performance. Both pathways sought to control each 
processing step to maximise modulus and strength and minimise ultimate cost. 
 
Figure 2. Carbon allotropes (from left): fullerene C60, single-wall carbon nanotube, 
diamond, and graphene39 
  The exploration of CVD and micro-metre sized filaments led to the randomly 
occurring and rarely reported nano-meter sized ‘tubules’,32 not unlike the carbon 
‘whiskers’ first reported by Bacon. At first these tubules received little attention, but 
eventually investigation into the minimum size of these vapour grown filaments 
began.38 During this time the discovery of other new carbon allotropes such as 
fullerene C60 (Figure 2) in 1985 by Smalley and Kroto was at the cutting edge of the 
budding field of nanotechnology. 40, 41 It was the influence of this research which led 
to the discovery of carbon-nanotube structure, both theoretical and physical evidence 
suggested that not only was the structure a rolled graphene sheet (Figure 2), but had a 
capped end consisting of a semi-spherical fullerene-type assembly.40, 42 This major 
breakthrough in the field of nanomaterials then led to rapid growth in carbon nanotube 
research which is still undergoing a huge amount of active research. 
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  Simultaneously, the carbon fibre industry optimised its manufacturing process to 
control the quality of carbon fibre products while decreasing cost to meet growing 
product demand. Comparisons were made between the products obtained from rayon, 
PAN and pitch based carbon fibre in terms of carbon yield, and mechanical 
properties.34 PAN based carbon fibres were found to have the best strength-modulus, 
failure strain and carbon yield in combination.43 As a result of  this unique combination 
of properties, PAN based carbon fibre makes up 90% of production worldwide.43 
Owing to the low yield of rayon fibres (10-30%) and poor handle-ability, very few 
manufacturers use it as a fibre precursor. Pitch precursor, however results in  a unique, 
very high modulus carbon fibre product which has specialised applications in ultra-
high performance carbon composites for aerospace (with the detriment of associated 
high processing costs).43  
  With continuing dedicated industrial interests, commercial fibres are now 
approaching the performance of the carbon whiskers of the 1950’s. However, effective 
translation of fibre properties into the performance of carbon fibre reinforced 
composites is still a challenge. One major contributing factor to this lack of progress 
is the industry secrecy, which continues to hamper research and innovation in this 
field. 
2.2 Carbon 
  In order to understand structure property relationships in carbon fibres, it is also first 
essential to appreciate the nature of carbon. Understanding its structure at both a 
macroscopic and molecular level is critical to effectively innovate and redesign current 
carbon fibre technology. Although carbon fibre is a structurally and chemically 
complex material, in terms of chemical structure it can be broken down to its molecular 
building blocks; a mixture of nitrogen, oxygen, hydrogen (in small amounts) and of 
course, carbon. Carbon is a highly abundant and versatile element which is the basis 
of organic chemistry, and organic life.39 Owing to its electron configuration (C12: 
1s22s22p2), carbon has four valence electrons which can participate in covalent 
bonding, and form a number of arrangements in three dimensional space.44 
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Figure 3. Carbon orbital hybridisation states: (a) sp3 hybridisation found in a C-C 
single bond (b) sp2 hybridisation, C=C double bond, (c) sp hybridisation, carbon 
triple bond 44 
  More specifically, it can exist in three different hybridisation states: tetrahedral or sp3 
hybridisation, trigonal planar or sp2, and finally linear or sp hybridisation, examples of 
which are highlighted in Figure 3.39 It is this versatility that means elemental carbon 
can exist as a number of different allotropes and participate in a variety of covalent 
bond interactions (Figure 2). Diamond, the strongest and most stable crystalline form 
of carbon, gets its strength from the perfectly arranged tetrahedral σ bonds in a three 
dimensional sp3 hybridised lattice. Graphene (1 dimensional) and graphite (2 
dimensional stacked graphene sheets) are also a form of carbon crystal, but instead 
atoms are arranged in a trigonal planar sp2 hybridisation, with three dimensional 
stacking of planes held together by van der Waals forces.32, 45 Fullerene and nano-tubes 
are carbon cages much like a rolled or spherical graphene sheet, bending the sp2 plane 
causing orbital distortion and higher reactivity than crystalline carbon.39, 46, 47  
  Finally, there are carbonaceous forms which possess a mixture of sp, sp2 and sp3 
hybridised carbon which are not strictly allotropic, such as carbon fibre or amorphous 
carbon. While carbon fibre has some graphitic character, the disordered and 
discontinuous structure of the fibre means there is a significantly large decrease in the 
inherent strength compared to that of crystalline carbon.45 
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 Figure 4. Hierarchical structure of carbon fibre from (A) macroscopic features, to 
(B) internal structure including turbostratic carbon and micro-voids, (C) turbostratic 
carbon, and finally (D) flawed graphene ribbon 48 
  The chemical structure of carbon fibre, unlike the carbon allotropes mentioned 
previously, is not elegant or perfectly arranged. The bulk of the fibre structure is made 
up of disordered-graphite ribbons called “turbostratic carbon” (Figure 4, B).48 They 
are laced with imperfections and discontinuities in the aromatic structure, with residual 
heteroatoms (from the polymer starting material) such as nitrogen and oxygen in a 
number of different functional group arrangements. Small angle x-ray scattering and 
electron microscopy studies have revealed that the three dimensional macromolecular 
structure of carbon fibres consist of a heterogeneous skin/core arrangement; a 
(relatively) smooth and continuous skin of aromatic sp2 and sp3 hybridised carbon, 
encasing a randomly ordered but unidirectional turbostratic carbon core (Figure 4, 
A).48 Properties such as void volume fraction, thickness of the skin section and 
alignment of graphene ribbons within the core are largely affected by processing 
parameters such as heating rate and maximum temperature, tension and the starting 
material from which the fibre was made. 
2.3 Carbon fibre production 
  Since the 1960’s carbon fibre production has been increasing steadily; statistics show 
that worldwide production has risen from the 46,000 tonnes in 2011, to a forecast 
140,000 tonnes in 2020.49 Optimisation of fibre manufacture and production has led to 
superior speed and efficiency of production, but the overall process has continued to 
follow the same basic formula (Figure 5). Carbon fibre production can be broken down 
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to two important processes: white fibre production (from polymer precursor), and the 
oxidation and carbonisation of the white fibre to give black (carbon) fibre. A third and 
equally important step is weaving or creating a textile preform and combining the 
fibres with a resin followed by cure to manufacture carbon fibre reinforced polymer 
(CFRP) composite structures. Each of these three processes has separate sub systems 
which are crucial to product quality, and polymer chemistry plays a vital role.    
2.31 White fibre synthesis and production 
 
 
 
 
 
 
 
Figure 5. Generalised scheme of PAN precursor production in industry 
  ‘Precursor’ fibre, known colloquially as ‘white fibre’, can be made from a number of 
different polymer sources. As discussed earlier, each of the commercial precursors 
(rayon, pitch and PAN) have unique properties and benefits, as well as limitations. The 
most common and most widely applicable of these is PAN based carbon fibre, and is 
the most relevant to this project.46 Owing to the years of undisclosed research which 
has been conducted in the private sector, myriad “recipes” for the polymerisation 
reaction have been developed. Along with acrylonitrile, a unique selection of co-
monomers are added to tailor the precursor fibre properties, with the final PAN fibre 
generally being made up of approximately 85% acrylonitrile and the remaining 15% 
accounting for other additives.50 Common neutral co-monomers such as methyl 
acrylate, and vinyl acrylate are used to modify solubility during wet spinning, control 
rate of oxidation, morphology, and lower glass transition temperature of the resulting 
fibres.47, 50 Charged monomers can also be added, such as sodium methallyl sulphonate  
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(SMS), sodium p-styrene sulfonate (SSS) and itaconic acid (IA).50 Often these charged 
monomers are added to improve overall hydrophilicity of the fibres, and to provide 
additional sites for the uptake of dye into the fibre; a relic from textile acrylic 
manufacturing.50,51 
  Often, the polymerisation is done in a batch or semi-batch reactor.52 The process 
begins with powdered acrylonitrile in a polar solvent such as dimethyl sulfoxide 
(DMSO) or dimethyl formamide (DMF), followed by addition of a thermally activated 
radical initiator such as azobisisobutyronitrile (AIBN), ammonium persulfate or 
benzoyl peroxide.52  
  
Scheme 1. Radical initiated polymerisation mechanism of acrylonitrile44 
  The polymerisation of acrylonitrile (omitting co-monomers for simplicity), then 
proceeds via radical mechanism (Scheme 1), with termination occurring by a 
combination of radical self-quenching and deliberate termination by the addition of 
metallic compounds such as iron(III) chloride.52 The choice of catalyst and even the 
solvent used can have a significant effect on kinetics, degree of chain transfer and 
molecular weight distribution, all of which control the quality and properties of the 
polymer product.52 Moreover, further complexities are introduced into the system with 
the addition of co-polymers, each of which have a recommended solvent or initiator 
which must be considered.52 The product which emerges from this process is a slurry 
of polymer (often 20-30% weight to volume) and solvent called ‘dope’.34 To form a 
quality PAN fibre, this dope is “ripened” for 24 hours at 25° C to allow air bubbles to 
escape the viscous liquid, a major source of voids in PAN fibre.34  
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Figure 6. Representation of wet spinning coagulation step 
  The PAN dope is then fed into a pipe and extruded through a very narrow jet or 
‘spinneret’ in a process called wet spinning (Figure 6).47 The spinneret controls how 
many strands come through the wet spinner, which in turn controls the thickness of the 
PAN tow. The strands pass through a coagulation bath typically filled with a low 
concentration of DMF in aqueous solution, which has the dual role of precipitating the 
polymer from solution and facilitating the diffusion of residual DMF/DMSO out of 
the dope.47 The rate and temperature at which this step is performed has a surprisingly 
significant effect on the morphology of the fibres and the formation of voids which are 
highly detrimental to the tensile strength.53 Because this is a continuous process, the 
fibres are simultaneously forced into strands and collected on a roller to be fed into the 
rest of the processing line.54  
  The strands that emerge are in a partially gelled mixture of amorphous and crystalline 
PAN.52, 53 To be converted into the final white fibre it must undergo orientational 
drawing, relaxation, and further drying to stretch and align the polymeric chains within 
the fibre.52 Much of the anisotropic mechanical properties such as high modulus and 
breaking strength are achieved in the drawing (stretching) step, which can increase the 
length of the fibre by as much as six times.52 Finally, relaxing or ‘annealing’ the fibre 
adjusts the poor breaking elongation and lateral stretching qualities, achieved by the 
addition of water and heat which relaxes and shrinks the fibre.52 Although shrinking 
causes a loss in tensile strength, this is outweighed heavily by the prevention of 
fibrillation which has an adverse effect on the materials made from the final fibres.52 
Finally, the fibres are dried while being wound on a spool, which is often transported 
to a different location to undergo transformation into carbon fibre. 
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2.32 PAN to carbon fibre 
 
                      
Figure 7. Key steps in the conversion of PAN fibre to carbon fibre 
  Once white fibre has been successfully produced the steps that follow include a series 
of heat treatments to yield black fibre (Figure 7). The first of which is a low 
temperature oxidation step called “pre-oxidation” where the fibres pass through an 
oven at 250 – 350 °C in the presence of air for a predetermined amount of time.47 The 
chemical transformations which occur during this step thermally stabilise the fibre 
which is an important step to retain molecular structure and prevent degradation. There 
are many reaction pathways which occur during thermal oxidation, the mechanism and 
products of which are not well understood. It has been proposed that the pre-dominant 
pathways consist of a series of nitrile cyclisations and alkene dehydrogenations which 
proceed via an allylic oxidation pathway.47 
  While there are a number of different proposed structures which describe the product 
of PAN stabilistation (one of which is highlighted in Figure 8), the mechanism which 
yields such a product, and a number of side products which occur during stabilisation 
have failed to be accounted for. As such, there is much room for improvement in 
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understanding the mechanism of thermal oxidation and indeed the products at each 
stage of heating. 
 
Figure 8. Proposed molecular structure of stabilised PAN fibre47 
However, it is generally accepted that upon application of heat in air, oxygenated 
species are incorporated into the molecular structure of the fibre, which then drive the 
cyclisation of pendant nitrile groups by exothermic release of water, hydrogen cyanide, 
and carbon dioxide gasses. The resulting stabilised PAN fibre can then undergo 
extensive oxidation at temperatures above 280 °C, further cyclising by the loss of 
heteroatoms in the form of gases. Standage et al. have theorised a molecular structure 
of the PAN after this step, somewhere between model ‘I’ and ‘II’ (Figure 9), confirmed 
by multiple internal reflection infra-red analysis.9 Fibre oxidation is known to play an 
integral role in the improved polymeric cross-linking within the PAN fibres, and aids 
in heat stabilisation in the much more extreme conditions to follow.50 
 
Figure 9. Product of PAN thermal oxidation as proposed by Standage et al.9 
  The pre-oxidised fibre then enters the carbonisation furnace at a much greater 
temperature of 1000 °C to 1500 °C, in an inert atmosphere (to prevent further oxidation 
and degradation).50 This enormous input of energy encourages aromatisation which 
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expels the majority of the remaining heteroatoms by the evolution of H2O, CO, NH3, 
and N2 gasses.50 This carbonisation step does not result in complete graphitisation; if 
graphitic fibres are desired, a further high temperature treatment is required, although 
this is much more common in high modulus specialty fibres such as those made from 
pitch precursor. Instead, the product is a layered mixture of graphitic planes, oxidised 
functionalities, and un-carbonised PAN components also known as turbostratic carbon 
(Figure 10).19, 24 The fibre which emerges from carbonisation is referred to as 
“unoxidised (because it has not yet undergone electrolytic oxidation), unsized” fibre. 
 
Figure 10. Representative chemical structure of turbostratic carbon19, 24 
  Although the carbon fibre surface, as shown in Figure 10 has some degree of 
functionality, it is generally highly carbonaceous and hydrophobic. As a result, there 
is minimal interaction or adhesion between the fibre and surrounding resin when a 
composite is produced.55 Also, at this stage a large number of surface defects and 
amorphous carbon are present,55 as a result of imperfect polymerisation and alignment 
during processing which also detrimentally affects fibre to resin adhesion. To remove 
impurities and maximise fibre/resin interactions, the fibre undergoes a surface 
treatment step immediately following carbonisation. As with many of the fibre 
processing steps, case by case optimisation has been done to maximise performance 
of the surface treatment, while minimising adverse effects to fibre performance. A 
range of basic and acidic solutions have been trialled and reported in open access 
literature, giving various properties and fibre morphologies.5, 56 Nevertheless the 
precise nature of industrial treatments remain vague, with an electrolyte (most 
commonly ammonium bicarbonate) in a particular concentration under a set chemical 
potential.24  
  A general method of achieving electrolytic oxidation can be described using the 
following Figure 11 where fibres are treated continuously in-line. Electrochemical 
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potential is applied to the fibres through anodic rollers which are in constant contact 
with the fibre at this section of the line.57 A cathode is immersed in the solution, 
creating a galvanic cell circuit, with the fibre in solution acting as the anode. An 
optimal product of the electrolytic oxidation step increases fibre surface polarity or 
“wettability” to allow maximum coverage of resin, while removing weakly bonded 
surface particles.5 Unfortunately, while optimal chemical treatment is identified by 
physical properties, the chemistry of the fibre surface at this point in terms of 
functional groups and relative density is not clear. Often electrolytic treatments are 
also used to introduce surface roughness features to increase mechanical interlocking 
between fibre and resin; the degree to which this occurs must also be optimised, as 
there is concomitant increase in structural weakness.28 
 
Figure 11. Simplified representation of the in-line electrolytic oxidation process34, 57 
  Once surface treatment processing is complete, the electrolytically treated fibres are 
referred to as “oxidised unsized fibres”, and are notoriously difficult to handle. To 
overcome the handling difficulties and prepare for weaving and composite formation, 
these fluffy yet brittle fibres are passed through a “sizing bath”; an aqueous solution 
of epoxy resin at highly controlled concentration. The optimisation of the previous 
electrolytic oxidation step ensures a relatively uniform coating of sizing resin as the 
fibres pass through the solution, followed by drying and winding giving the “sized 
fibre” product.  
  The presence of the sizing layer adds flexibility to the fibre tow, as well as holding 
the fibres together and preventing breakage and extensive fraying. Even though its 
primary role is to improve handling there is evidence which suggests that the sizing 
(which makes up the interphase component of a composite material), plays a role in 
binding the fibres to the matrix resin.58, 59 This is contrasted by publications which 
suggest that the sizing layer actually decreases the bonding between the matrix and 
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fibre by masking the surface chemistry.60, 61 Regardless of its contribution to adhesion 
performance, the sizing step is still utilised in industry to improve handle-ability in 
composite weaving and has required optimisation to minimise any adverse effects on 
composite performance. Examples of important parameters investigated in sizing 
optimisation including: sizing emulsifier,59 molecular weight,62 and sizing thickness,63 
all of which contribute to the performance of the composite product.  
2.4 Forming a carbon fibre reinforced composite 
  
Figure 12. Sized woven fibre mat 
  To truly utilise the strength properties of carbon fibres, they need to be aligned using 
textile processing methods and moulded into a composite material.34 The weaving of 
the sized tow is done very precisely, by tuned instruments, into a carbon fibre mat. 
These woven fabrics are made up of at least two different orthogonal yarn systems, 
interlaced in a ‘warp’ and ‘fill’ or over/under type orientation.34 For high performance 
parts the most common pattern is a two by two or four by four weave where an 
over/under procedure with either two or four strands at a time are utilised called a 
‘twill’ weave (Figure 12).  In addition, a third dimension can be added by weaving 
several two dimensional mats together via braiding to yield what is known as a three 
dimensional pre-form.34 The ultimate aim of 3D weaving is to increase the inter-
laminar shear strength of the composite, but it comes with the unfortunate cost of 
decreasing the linear tensile strength and modulus of the composite.34  
  This pre-form is then moulded into the desired shape, infused with liquid resin, and 
de-baulked at room temperature under vacuum to ensure an even distribution of resin, 
while removing any entrapped air or solvents. There are many different resin systems 
available for this purpose, with different molecular weights and structures; of all of the 
resin systems the epoxide derived examples are the most relevant to this work and as 
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such, will be the focus of discussion. Often companies do not disclose the molecular 
structure of their resins, however there are a few commercially available epoxy resins 
such as E-51, AG-80, DGEBA, bisphenol and F-46 which are well characterised 
(Figure 13).59  
 
Figure 13. Molecular structure of epoxy polymers E-51, AG-80 and F-4659  
  The significance of the molecular structure is in its contribution to properties such as: 
oxidation resistance, hardness, setting time, structural resistance and sizing 
compatibility to name a few. Additionally, the products of polymerisation, chain 
propagation and crosslinking hold a large amount of influence over the performance 
of the resin, and ultimately, the composite material.64 In terms of the chemistry and the 
mechanisms of resin curing, the most important information is in the participating 
functional groups; in this case, and epoxide (resin), and an amine (curing agent). Take 
for instance, the reactivity of epoxides. Opening of the strained, three membered 
epoxide ring requires nucleophilic attack, a role which is played by the amine derived 
curing agent (Scheme 2).   
 
Scheme 2. Mechanism of polymerisation between epoxide and amine 
  As the aforementioned functional groups are common to all epoxy/curing agent 
combinations, companies which supply epoxy resins disclose only the recommended 
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components, the curing conditions, and the expected properties from fully cured resin. 
The most relevant combination of epoxy resin and hardener for this project is RIMH 
235 (epoxy) and RIMH 237 (hardener) manufactured by Momentive™ (for which 
there are no available chemical structures) as it is the recommended resin system for 
evaluating Interfacial shear strength (IFSS). Although the final cured network structure 
is incredibly complex and difficult to resolve, the functional groups are common to 
other epoxy curing systems, and the physical properties of the cured product are well 
understood. As such, the formation of small composite systems such as that shown in 
Figure 14 can be well characterised. 
 
Figure 14. A small scale carbon fibre composite65 
   Resin formulation and the resulting cured chemistry is an enormous field and 
comprehensive information on the subject of complex composite formation can be 
found in the following sources.34, 39, 46 There can also be important contributions from 
the fibre surface/sizing that occur alongside polymerisation, influencing molecular 
interactions at the interface. Consider the pendant functional groups which are present 
both after fibre surface treatment (such as electrolytic oxidation) and sizing. The 
introduction of hydroxyl groups for example increases surface polarity which in turn, 
enhances wettability by the resin. There is also a small possibility that they could 
behave as nucleophiles (though much less effective than amines), to effect interfacial 
adhesion via crosslinking to the fibre itself.        
2.5 Composite research 
  Although they are known for their high strength/low weight properties, carbon fibre 
reinforced polymers (CFRPs), are still far from infallible. In fact, even high 
performance composites only demonstrate a fraction of the theoretical strength which 
could be obtained from carbon fibres and resin in combination. As a result, carbon 
fibre composites have low tolerance to damage and are susceptible to failure under a 
  
40 
  
number of different stresses. Thus, somewhere between synthesis and composite 
formation there are important strength characteristics which are effectively being “lost 
in translation” leaving much room to improve the translation of fibre properties into 
the composite. To understand why CFRP are flawed, the composite must be broken 
down into its individual parts and their failure defined. There are five components 
which contribute to composite performance: the individual fibres, the sizing layer on 
the fibre surface, the bulk resin or matrix, and just as important are the sections where 
these meet, the interphase between resin layers, and the interface between fibre and 
resin (Figure 15). Each constitutes a separate area of research, with continuing debate 
over their relative importance.  
   
 
 
 
 
Figure 15. An illustration of the integral points of research in a composite (not to 
scale)  
  Testing composites to failure can simulate performance under duress while 
highlighting the mechanisms of failure and points of weakness. There are several 
known modes of failure when these composites are subjected to high impact situations 
such as delamination (interface failure), low resistance to damage (matrix failure), and  
transverse cracking (load transfer failure).66  
  There are a large number of publications which describe the limits of carbon fibre 
performance under impact, compression, torsion and strain. Although there are many 
instances of matrix and carbon fibre failure, there are an overwhelming number of 
examples of interface/interphase failure represented by delamination or de-bonding 
(where the fibre or sizing peels away from the matrix. Figure 16).67  Under impact or 
compression load, investigations consistently reveal that failure occurs by a 
combination of fibre kinking, matrix cracking, and de-bonding failure.68-76 Under 
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torsion and strain similar results are observed, with failure occurring through the 
matrix and fibres, as well as the interface at the fibre surface.15, 77-79  
  
 
Figure 16. CFRP failure under high-impact (left),69 debonding after fracture (right)72 
   Micro-cracks at the fibre/matrix interface which occur as a result of compression 
fatigue (as described in Figure 17), and other external stresses such as strain or thermal 
cycling etc. have been shown to contribute to crack propagation.75, 80, 81 While it has 
been suggested that micro-cracking occurs as a result of contrast between the fibre and 
matrix thermal expansion coefficient, there may also be influence from ineffective load 
transfer at the interphase and interface.80   
 
Figure 17. Matrix and fibre micro-cracking as a result of compression (left) 
unidirectional composite edge showing bending, (right) highlighted cracking75 
  While carbon fibre composites are still considered high performance materials, their  
“Achilles’ heel” is highlighted in their poor damage tolerance. By analysing the failure 
mechanisms observed in CFRP testing, it has been established that not only is 
delamination and de-bonding failure at the interface occurring, but the impact of low 
fibre matrix 
Micro-cracks 
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interfacial bonding on damage tolerance is apparent. The enhancement of interface 
interactions could prove to be a rich source of new technologies and opportunities to 
improve composite performance through a number of strategies.   
2.6 The contribution of the fibre-matrix interface in composite 
performance 
  The importance of the fibre-matrix interface in composite performance has been 
highlighted in a number of publications; not only by the failure mechanisms as a result 
of lack of bonding,69, 72 but improvement of performance as a result of increased 
bonding at the interface.82 Research conducted in the 1970’s by Mullin and Mazzio 
describes the isolation and identification of fibre fracture mechanisms, with particular 
emphasis placed on the role of the interface and matrix in preventing catastrophic 
failure.83 The results of the study revealed that while the deposition of a deliberately 
slippery coating (polyurethane) prevented matrix failure catalysed by fibre cracking 
(due to lack of fibre-matrix adhesion), performance of the composite in terms of 
transverse tensile and inter-laminar shear strengths could decline greatly.  
  On the other hand, there is much evidence which suggests that improving interactions 
between the fibre and matrix by treating the fibre surface, and aiding in load transfer 
at the fibre-matrix interface, can greatly improve composite performance.2, 3, 22, 84 
2.7 Analysing the carbon fibre surface and mechanical properties  
  As the focus of this work is the manipulation of the fibre surface for enhanced fibre-
matrix interaction, the next crucial step is to understand the way in which the carbon 
fibre surface and interface can be characterised. The fibre-matrix interface is complex; 
a combination of fibre surface chemistry and morphology can hold significant 
influence over the way it interacts with the resin layer, and ultimately the performance 
of the interface.  
  Before alterations can be made to the carbon fibre surface to improve interfacial 
adhesion, it is important to fully physically characterise individual fibres. This includes 
topology, roughness, functional group chemistry and tensile strength to understand the 
changes which are occurring after treatment. The simplest way to achieve this, while 
obtaining relevant results, is to work with small bundles of individual fibres. 
Additional analysis can also yield surface polarity measurements in the form of surface 
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energy and fibre wettability by contact angle (which are important in determining how 
the fibre will attract or repel the resin), while mechanical properties such as modulus 
and friction can be used to characterise the individual fibres in terms of key 
performance parameters (as retaining fibre strength and modulus is critical to 
performance). The analysis of these important variables have been established in 
literature using a number of different techniques.  
2.71 Chemical characterisation - X-ray Photoelectron Spectroscopy (XPS) 
  The chemical composition of PAN based carbon fibre surface is complex and highly 
heterogeneous,20 which makes analysis and data interpretation very difficult. A 
number of researchers however, have had success using X-ray photoelectron 
spectroscopy (XPS) analysis to determine the functional group composition of the 
fibre surface. While there are many chemical analysis techniques which apply to 
carbon nanomaterials characterisation (such as  IR, and Raman spectroscopy), often 
these are unsuitable in their application to carbon fibre due to signal flooding from the 
large mass of turbostratic and amorphous carbon, as well as residual heteroatoms from 
the polyacrylonitrile starting material. XPS has the advantage of a very small analysis 
area, as well as the ability to control sampling depth and resonance window.  
 
Figure 18. XPS survey spectra (left), and high resolution carbon (C1s) spectra85  
  Analysis begins with minimal preparation, fixing carbon fibres to a frame attached to 
sample bars. The fibres are then enclosed in the sampling chamber and the chamber 
evacuated to ~10-8 mbar. A small section of the sample is then bombarded with a 
photoelectron beam, penetrating between 0 and 10 nm of the carbon fibre surface (the 
very outer layer of a 7 μm diameter fibre). The photoelectrons emitted from the sample 
have characteristic energies according to the atom present, as well as the specific 
oxidation state of each of these atoms. To glean information about all atoms present in 
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the sampling area, a low resolution survey scan is initially performed (Figure 18, left). 
The survey scan can then be used to give low resolution atomic ratios relative to 
carbon, as a first point of detection of chemical changes. High resolution spectra can 
then be individually analysed for each of the relevant atoms (Figure 18, right), to reveal 
further information about changes in surface chemistry such as the specific functional 
groups present, and depending on the homogeneity of the sample, relative abundance 
of those different species. Often the limitations of the technique lie with the nature of 
the sample, as carbon fibre is a highly heterogeneous and complex sample, the 
detection of new moieties can be very difficult. There have been a number of 
publications which attempt to overcome this issue alone, analysing carbon fibres which 
have only been treated using factory electrolytic oxidation. Despite the drawbacks 
associated with XPS analysis, it continues to be one of the most reliable methods of 
chemical characterisation for the surface of carbon fibres.   
2.72 Surface topology – Atomic Force Microscropy (AFM) 
   The shape (topology) and roughness of a fibre surface has been shown to effect 
adhesion by mechanical interlocking of layers. There are a number of ways in which 
the surface characteristics can be visualised using microscopy. The advantage of 
Atomic Force Microscopy (also known as scanning probe microscopy), is that not only 
does the analysis generate a high resolution image, it can also be used to quantify the 
height (i.e. roughness) on the fibre surface with minimal sample preparation. Unlike 
optical or electron microscopes which use light or electron beams to generate a two 
dimensional image, AFM physically touches the surface to record a three dimensional 
representation of the sample with the same resolution as scanning electron (SEM) and 
transmission electron microscopy (TEM) (Figure 19).86   
 
Figure 19. Comparison of length-scales of commonly used microscopes 
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  AFM uses a nano-metre wide pyramidal tip, often made of silicon nitride (Si3N4) or 
silicon (Si) connected to a cantilever to investigate the surface in either tapping mode 
(where contact is oscillating) or contact (static) mode.86 Information from the sample 
surface is gathered as the tip contacts the surface and moves along it. A laser which is 
positioned on the top of the cantilever above the position of the probe changes its angle 
of deflection based on the degree of movement by the cantilever. The laser movements 
which are detected by a photodiode can then be translated into a three dimensional 
image which is a replica of the sample surface which has been analysed (Figure 20).    
   
Figure 20. (left) EM image of a silicon nitride (a) probe, (b) cantilever, and (c) 
chip;87 (right) a generalised schematic of SPM operation, highlighting the tip and 
cantilever86 
  The resolution of the AFM image comes from the super-fine adjustment of x, y and 
z piezo-resistors, coupled with the amplified movement of the laser on the photodiode. 
Depending on the degree of resolution needed for the specific application, there are a 
number of probes which can also be selected including: ultra-fine tips, or 
functionalised tips which are decorated with a single carbon nanotube or a molecular 
probe. Often the application of a standard silicon nitride probe with a relatively low 
spring constant (0.12 nM), is sufficient to gain detailed information from the fibre 
surface, including changes in roughness, added or removed features, or pitting (Figure 
21).88 Once a three dimensional image has been collected, the overall roughness of a 
sample area, given as root mean squared roughness in nano-metres can be determined. 
There are a number of other applications which an SPM can perform, one in particular 
which is relevant to fibre characterisation is that of adhesion measurement.89 Using a 
standard probe (or functionalised probe, depending on the required interaction) the 
probe is pressed against the sample surface, and the force required to remove the tip 
from the surface is measured. 
(a) 
(b) 
(c) 
(a) 
(b) 
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Figure 21. Three dimensional image of carbon fibre surface collected using AFM 
(left) untreated/sized, and (right) nitric acid treated90 
2.73 Single Fibre Analysis (Favimat) 
  The third aspect of fibre characterisation is the analysis of key fibre performance 
parameters: tensile strength, modulus, and friction. The tensile strength of an 
individual fibre is the force it can withstand, parallel to fibre length, before rupture 
occurs. Elastic modulus describes the ability of the fibre to be elastically deformed, 
with a stiff material having a relatively large elastic modulus. Ideally, high-
performance carbon fibres have both a high tensile strength and elastic modulus, 
implying resistance to breakage and deformation. Additionally, fibre friction can have 
implications in surface polarity and interactions in the interface of the final composite. 
While coefficient of friction (CoF) is not considered a standard measurement, it has 
the potential to reveal information about surface properties of both treated and 
untreated carbon fibres. As discussed earlier, the properties of individual fibres have 
been optimised within industry (using available technology) to give the best possible 
performance. As such, any changes that are made to the fibre surface must be followed 
by thorough assessment, to ensure that the treatment does not unfavourably alter fibre 
performance. 
  Traditionally, individual fibre measurements are performed using ASTM standards, 
where individual carbon fibres are cut and fixed to a paper template, before manually 
loading and stretching the fibre to failure to obtain tensile and modulus data.91-93 In the 
last several years, companies have developed a much more controlled and automated 
approach to collecting these data, and more. One such company, Textechno, have 
released the Favimat®; a fully automated robot which (once individual fibres are 
mounted on a magazine) can measure tensile strength, linear density, and modulus of 
each individual fibre accurately (Figure 22). It also has the capacity to measure fibre 
friction between the fibre and steel prongs, using the same automated loading and 
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testing protocol. The tensile data acquired from this testing procedure can then be 
further processed using well established Weibull statistics (see appendix). 
  
Figure 22. The Textechno Favimat robot, highlighting the testing (left) and loading 
(right) mechanisms 94 
2.8 Micromechanical characterisation of the fibre/matrix 
interface 
  After the individual fibres along with their surface chemistry have been characterised, 
the next crucial step is to assess the fibre matrix interface. Ultimately, our goal is to 
move beyond micromechanical tests to larger-scale laminate tests such as short beam 
shear etc. However, owing to the novelty and relative complexity of the chemical 
treatments undertaken in this study, only relatively small quantities could be applied 
to the carbon fibre in a lab-scale setting. 
   There have been a number of micromechanical techniques developed to characterise 
changes in the performance of the interface, the most notable of which will be 
discussed here for comparison. Generally, lab scale fibre treatments for the purpose of 
improving composite performance can be prepared using a simple single-fibre 
composite system. This negates any outside influences such as fibre-fibre interactions 
and allows studies of the single fibre and its surroundings.  
2.81 Single fibre pull-out/micro-debond technique 
  The fibre pull-out and micro-debond methods are similar in principle, with a single 
carbon fibre immersed and cured in a droplet of resin, followed by the application of 
force parallel to the fibre length, to interface failure (Figure 23).95, 96 There are several 
aspects of these methods which must be considered in terms of reproducibility, 
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variation, and the relative breaking strength of the fibre and matrix. For example, when 
undertaking the these tests there are a large number of variables which must be 
considered and carefully measured to prevent variations in data.97 When force is 
applied to the fibre, the force must be enough to cause interface failure, but not so to 
break the fibre before failure can occur.97 This can be overcome by shortening the 
length of embedded fibre in the resin droplet, but this has been shown to have the 
added effect of creating a scatter in data, especially for carbon fibre/epoxy matrices 
where the embedded length can be as short as 0.1 mm to overcome the relatively strong 
interaction with the resin.97 Although these tests can give useful information, it is 
generally agreed that they are considered non-representative of a true carbon fibre 
composite.95 
 
Figure 23. (a) scheme of a single fibre pull-out test (b) micro-debond test,95 (right) 
electron micrograph of micro-debond droplet on carbon fibre98 
2.82 Single fibre push-out test 
  The next technique involves the preparation of a single (or multi) fibre composite, 
followed by pressing the fibre through the composite in a highly precise and controlled 
manner (Figure 24). As well at the force measured to push the fibre free of the 
interface, the fibre and cavity can be studied to identify any damage that may have 
been caused as a result of high bond strength. Unfortunately, preparation and reliable 
execution of the single fibre push-out test is more complex than it may first appear. 
Take for example, the nano-indenter. It is crucial that the indenter have a partially 
flattened tip that when placed on the sample, lands precisely in the centre of the carbon 
fibre, so as not to place uneven force on the fibre cross-section. Just as crucial is the 
composite preparation. It is important to be aware of the added force which acts upon 
the fibre under compression, termed the “Poisson effect”. As a specimen (in this case, 
a single carbon fibre) is compressed in the z plane, it will expand in both x and y 
directions, giving a Poisson ratio of the fraction of compression divided by the fraction 
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of expansion. When the Poisson effect occurs during analysis of the single fibre 
composite, it can present the expansion of the fibre which creates higher force at the 
interface as an interfacial adhesion effect, when it is not. This can be somewhat 
accounted for mathematically, and by using a very thin section of composite for the 
test, but this presents practical limitation such as thin micro-toming and the behaviour 
and handling of such a composite. 
 
Figure 24. Schematic of single fibre push-out technique, with electron micrograph 
images of (a) indented face, and (b) pushed-through CF 
  The final aspect which can have unwanted effects on the outcome of this experiment 
is fibre orientation within the matrix. To remove any variables which are not accounted 
for mathematically, the fibres must be perfectly perpendicular to the composite 
surface. As pressing on the fibre at a slight angle could alter the adhesion reading to 
give a value higher than the true value. For all of these reasons, single fibre push-out 
is not the ideal technique for carbon fibre/epoxy composite. 
2.83 Single fibre fragmentation 
  The final technique and the one employed in this thesis is single fibre fragmentation 
or SFFT developed by Kelly and Tyson.99 A single fibre composite is prepared by first 
applying pretension to the fibre, and immersing the fibre in resin, curing it to form a 
classic “dog-bone” shaped composite (Figure 25). The composite is then clamped at 
either side and stretched, breaking the fibre into fragments, until the fibre reaches a 
limit of fragmentation. The interfacial shear strength can then be measured as a 
function of fragment size; in principle the lower the interfacial adhesion the larger the 
Indenter 
Matrix
Carbon 
(a) 
(b) 
  
50 
  
fragments, as limited interactions could allow a fragmented fibre to slide within the 
resin cavity. Of course, there are much more complex effects occurring, but the  
mathematical method by which fragment size is manipulated to give IFSS is 
considered relatively reliable, and the most representative of a true carbon fibre/epoxy 
composite (of the methods discussed in this section).95 Additionally, the synthesis and 
preparation of uniform and identical samples is relatively simple once a mould has 
been made.   
 
Figure 25. Simplified representation of the SFFT method, where σ is the force 
applied to the composite and lc is the critical fibre fragment length 
2.9 Fibre treatment and composite performance 
  Since the early 1990’s, a number of publications cite the agreed upon observation 
that the fibre/matrix interface in carbon fibre reinforced polymer (CFRP) plays a role 
in composite performance, but the relative importance of these interactions are still 
debated to this day.4, 100, 101 Researchers are striving to understand how to optimise 
these interactions, using three different principles: i) mechanical interlocking by 
physically roughening the fibre surface, ii) chemical treatments to increase fibre 
surface polarity and “wettability”, and iii) utilising chemistry to introduce functional 
groups which could interact directly with the matrix/resin. It should be noted that these 
three approaches are not mutually exclusive, as roughness is often chemically induced 
on the fibre surface. Further, the benefit of chemical treatment to affect surface 
morphology and polarity is demonstrated by its universal use (electrolytic oxidation) 
in the industrial scale manufacturing of carbon fibre tow.  
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  Investigations conducted by industry to optimise this fibre treatment step are not open 
to public disclosure, but generally it is known that oxidation solutions of mild bases 
such as aqueous ammonium bicarbonate are used in varying concentrations and with 
varying electrical potentials applied to the system. Research conducted within 
academia suggests that this step has the dual role of “cleaning” the surface of 
amorphous and poorly bound carbon species, as well as introducing polar functional 
groups to the newly exposed surface to enhance chemical roughness and wettability. 
This in turn improves fibre interaction with the applied sizing layer. The greater 
scientific community have sought to expand this knowledge through fundamental 
research to glean an understanding of both carbon fibre physical and molecular 
structure, as well chemical interactions within the interface. The treatment of carbon 
fibre to enhance fibre-matrix adhesion has grown into a field of research with a number 
of gas and solution based techniques emerging as viable new treatment pathways. 
2.91 Solution phase oxidation 
 As discussed earlier, the use of oxidative chemistry in the form of electrolysis 
is the major source of current fibre treatment in industry. Owing to the lack of 
information available on the physical and chemical impact of these treatments along 
with optimisation of the process, many researchers have taken it upon themselves to 
conduct systematic studies replicating the conditions used in manufacturing. Liu and 
co-workers, using a semi-continuous process, submerged carbon fibre in an 
electrochemical bath (5% wt. NH4HCO3) at increasing electrical current (3-6 mA) for 
a 30 second period.57 The results show a clear trend of increasing ratio of surface 
heteroatoms, enhanced surface wettability and interface adhesion which are reflected 
in a number of additional publications (Figure 26).82, 101-103 As well as this, it was noted 
that while a “mild” anodic treatment had a cleaning effect on the fibre surface, 
increases in concentration or electrical current applied began to induce roughness on 
the surface.57, 101 
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Figure 26. (a) oxidised fibre, (b) strong phosphoric acid treatment,101 (c) NH4HCO3 
treated, (d) HNO3 treated28 
  A number of different anodic and cathodic solution phase oxidising techniques have 
also been employed to maximise the effects of oxidation with varying results. The 
application of phosphoric acid by Nakao et al. demonstrated that while there was a 
significantly larger inclusion of oxygenated species when compared to bicarbonate 
treatment which indeed resulted in an improved interfacial shear strength, it appeared 
to have physically eroded the fibre.101  
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Figure 27. Interfacial shear strength τ as a function of % of oxidative treatment28 
  Similar results were seen by Donnet and Guilpain when fibres were treated with 
ammonium carbonate, nitric acid, sodium hydroxide, and sulphuric acid; “strong 
oxidation” while improving interfacial sheer strength, caused visible pitting on the 
fibre surface (Figure 26). Further investigation highlighted the detrimental effect of 
the fibre degradation by plotting degree of treatment against IFSS (Figure 27).28 The 
results indicated that initially an increase in fibre treatment results in an increase in 
adhesion, which is consistent with the observations previously stated. However, this 
(a) (b) (c) (d) 
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relationship changes as the treatment begins to degrade the fibre, resulting in a steady 
decrease in adhesion until the fibre treatment (100%) has almost no effect on IFSS 
(Figure 27). 
2.92 Gas phase oxidation 
  A second area of research in oxidative chemistry utilises gas phase oxidising 
treatments and plasma technology in an attempt to enhance surface properties, while 
leaving the bulk properties of the fibre unchanged. Groups lead by Ozcan et al. 
describe the treatment of carbon fibre surfaces using ozone in a thermochemical 
reaction.104 Analysis of the oxidised product when compared to fibres prepared by 
traditional electrochemical oxidation offered a sharper increase in oxygenated species 
as well as improved control over functional group chemistry (with no pitting or loss in 
tensile strength), and a marked increase in interfacial adhesion in epoxy composite 
systems.105 Attempts were also made to covalently link the treated carbon fibre to the 
resin by dehydration reaction between hydroxyl and ester functional groups, though 
with limited success.104 
   Experiments conducted by Feih and Schwartz demonstrated that the application of 
oxygen/acetylene gas to the carbon fibre surface successfully introduced oxygenated 
functional groups, achieving saturation in a few minutes, and improved both IFSS and 
wettability of the resulting fibres, while structural integrity remained unchanged.106 
Similar positive results were noted by Pittman et al. when both oxygen and isobutylene 
plasma treatments where the resulting fibres had a high degree of acidic functionalities 
(with saturation achieved in under 5 minutes), along with a notable increase in IFSS 
for both treatments and no loss in strength properties.107 However, when plasma pulse 
treatments are conducted at relatively high current a combination of particle deposition 
and fibre surface rupture occurs, with “valleys” in the surface several hundred 
nanometres deep (Figure 28).25  
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Figure 28. (left) ruptured fibres as a result of high current plasma pulse, (right) 
particles deposited by treatment25 
  Gas phase oxidation chemistry can also be achieved thermally, with the fluorination 
of carbon fibre surfaces achieved at relatively low temperature (125 °C) for 2 hours.96 
Evaluation of the resultant revealed a significant increase surface polarity and 
wettability while retaining all important physical properties.  
2.93 Deposition of nanomaterials 
  The third strategy involves the deposition of nanoparticles and other materials on the 
fibre surface to increase roughness and relative surface area to maximise mechanical 
interlocking and physical interactions at the fibre-matrix interface. This is often 
coupled with the introduction of reactive functional groups on the surface of the 
nanomaterial such as amines or epoxides which have the potential to covalently link 
to the treated carbon fibres to the epoxy matrix. One such example is the grafting of 
epoxy terminated polyoligomeric silisesquioxane (POSS) on to the surface of oxidised 
carbon fibre by Zhao and Huang.108 Analysis of the treated fibre showed that POSS 
was successfully attached to the surface by a combination of X-ray Photoelectron 
Spectroscopy (XPS) analysis and Atomic Force Microscopy (AFM) topography 
(Figure 29). Significant changes in surface roughness were noted (Figure 29) with a 
visible dimpling in CF surface, along with an increase in wettablility, surface energy, 
and ultimately interfacial shear strength.108  
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Figure 29. (left) structure of octaglycidyldimethylsilyl POSS, AFM topography of (a) 
untreated (b) POSS functionalised fibre108 
  The utilisation of other materials such as carbon nano-tubes (CNT) and nano-fibres 
(CNF) on the CF surface have also been investigated. Rodriguez et al. first 
functionalised CNF with pendant amines, followed by electrophoretic deposition of 
the functionalised CNF product on a carbon fibre mat.109 It was suggested that the 
addition of CNFs could both covalently react with the epoxide functional groups in the 
resin via the pendant amines, while crosslinking individual fibres for maximum 
mechanical performance, (observed by electron microscopy, Figure 30). This theory 
was further investigated in a second publication by the same group, where individual 
carbon fibres were coated in nano-fibres in a well dispersed and even coating, followed 
by IFSS analysis.110 Results showed an increase in interfacial shear strength which 
could be attributed to both the change in functional groups and surface roughness. In 
a similar study using amine-functionalised CNT in place of CNF preparation was taken 
a step further, with electro-sprayed carbon fibre mats being formed into a multi-layer 
laminate and which outperformed the untreated sample in tensile strength, stiffness, 
and durability under cyclic loading.13 
  
Figure 30. Electron microscopy of amine functionalised CNF deposited on (left) 
carbon fibre mat, and (right) individual carbon fibres  
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2.94 Non-oxidising chemistry 
  There has also been some interest in the utilisation of classical organic chemistry 
approaches to achieve increased adhesion with varying degrees of success. Reactions 
such as Diels-Alder cycloaddition, and amide bond formation have been utilised to 
successfully increase surface polarity in the absence of electrochemical treatment.14,111  
  In recent years, these same applications have been tailored to the more specific job 
of forming covalent bonds with the matrix. Xu et al. utilised a [2+3] cycloaddition of 
maleic anhydride to the carbon fibre surface coupled with a nitric acid treatment to 
yield nucleophilic oxygen with the intention of increasing reactivity to a polyimide 
matrix, and preliminary testing utilising an imide model compound were promising.112 
Functionalisation of hydroxyl and carboxyl groups present after electrolytic oxidation 
by way of ‘grafting’ was undertaken by several research groups. The ‘grafting’ of 
tetraethylenepentamine involved nitric acid etching followed by thermally induced 
amide bond coupling yielding long chain amines, both pendant and looped on the 
surface (Scheme 3).113 It was found that these amine and amide groups, when tested 
with model monomers such as phenyl isocyanate and epoxy pre-polymers, readily 
formed a detectable covalent bond with the theorised resin.113 Grafting has also been 
used to introduce isocyanate terminated aliphatic compounds which, instead of 
reacting directly with the resin, provide the same functionality and polarity as the resin, 
thereby allowing the resin to approach the fibre and possibly even polymerise from the 
fibre to the resin, joining via a ‘hardening agent’.114 
 
Scheme 3. Amide bond grafting method by Pittman et al113 
  In the literature there have also been elegant approaches with complex reaction 
pathways using the already existing electrochemical bath method. An interesting 
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example of this research is that of Delamar and coworkers who used electrochemical 
reduction of diazonium salts to functionalise the fibre surface (Scheme 4).115 Amine, 
hydroxyl and carboxyl functionalities were successfully installed using an electrolyser 
at low potential, and preliminary reactivity results displayed an increase in covalent 
bonding accompanied by an increase in fibre/matrix adhesion.115 Research in the area 
of organic chemistry with carbon fibre is extremely promising, with only a few 
examples reported thus far.  
 
Scheme 4. Functionalisation by electrochemical reduction of diazonium salts115 
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2.10 Research in covalent attachment to carbon nano-materials 
  With a niche now identified in the application of organic chemistry to carbon fibre, 
the value of the ever-growing field of nanomaterials chemistry in providing insight 
into new methodologies was recognised. Although carbon fibre is a bulk carbonaceous 
material with layers of turbostratic carbon and a number of other functional groups, it 
is important to compare and contrast the carbon fibre surface chemistry and that of 
other carbon nanomaterials. An important similarity is the presence of highly 
aromatised carbon atoms in a graphitic-type structure, along with key functional 
groups such as hydroxyl and carboxylic acid. One important difference however, is the 
reactivity of these graphitic surfaces. To explain reactivity of conjugated carbons we 
should first we break down an aromatic surface to its aromatic building block, benzene. 
Although benzene is highly stable compound, it can be reactive under certain 
conditions. The π-bond electrons are delocalised around the aromatic ring, and this 
“cloud” of electrons means that it is a rich source of electrons, which is attractive to 
electrophilic species. Owing to the movement of electrons, there are also three 
different resonance structures which aid in the stability of a substituted product (Figure 
31). When three benzene rings are fused together (a.k.a. anthracene), these electronic 
effects are magnified; there is extensive delocalisation, coupled and even better 
stabilised with many more resonance structures (Figure 31), meaning it is a more 
reactive aromatic network.  
 
Figure 31. Resonance structures for substituted benzene compared to anthracene 
  Now, if we relate this relationship to graphite and related structures (such as 
turbostratic carbon), the joined aromatic rings can extend for nano-meters in either 
direction. This arrangement allows mass delocalisation of electrons among π orbitals 
which not only increases reactivity relative to benzene and anthracene, but it also 
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imparts electrically and thermally conductive properties to the fibre. There could also 
potentially be thousands of resonance structures after substitution, which would create 
a highly stable intermediate, meaning an even more reactive surface. 
  When comparing turbostratic carbon with highly ordered aromatic carbon nano -
materials such as fullerene, both are subject to the effects of delocalisation and are 
highly resonance stabilised, so other factors must be considered. Graphite is an 
arrangement of sp2 hybridised carbon atoms with three in-plane σ-bonds and an out-
of-plane π orbital in a planar hexagonal network; delocalised electrons are situated 
both above and below the plane. On the other hand, fullerene’s curvature causes a 
strained configuration.120 The angle at which the aromatic groups join causes re-
hybridisation of the orbitals, with the three sigma bonds slightly out of plane; to 
compensate for the strained angle, the π orbital becomes more localised to the convex 
(outside) of the fullerene.120 This makes the surface especially reactive towards 
electrophiles, due to a combination of the dense electronic cloud and the driving force 
of strain relief which results from the functionalisation of the fullerene surface causing 
sp2 to sp3 carbon hybridisation change.29 The purpose of this comparison is to highlight 
the similarities between carbon fibre surfaces and carbon nanomaterials, while 
illustrating the limitations associated with using imperfect carbonaceous surfaces such 
as carbon fibre as a point of reactivity. With this in mind, it was reasoned that the vast 
array of literature available in the field of covalent chemistry and carbon nano -
materials provided a bountiful source of possible techniques and approaches for the 
potential functionalisation of carbon fibre.  
  A number of reviews on nanomaterial functionalisation revealed ten general 
pathways which had been successfully employed to alter the surface chemistry of 
carbon nanotubes.31, 121-123 Based on the criteria of novelty, scalability and tailorability, 
four of the nine pathways could be omitted from further investigation (Figure 32). 
First, the dichlorocarbene addition reaction has been extensively used by Haddon and 
co-workers for the functionalisation of carbon nanotubes.124-127 Although the use of 
chloroform as a reagent is an attractive prospect in terms of scalability, realistically the 
reaction requires a homogeneous biphasic mixture which is achieved by fast vortexing 
or agitation. In application to carbon fibre samples, this would effectively destroy the 
fragile fibres and render the treatment redundant.  
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Figure 32.Four of the nine described methodologies for the functionalisation of 
carbon nanomaterials 
  Within the manuscripts chosen, a number of gas-phase and plasma deposition 
reactions were described including fluorination and ozonolysis. Fluorination can be 
achieved by the thermal application of fluorine gas, surface-wave microwave plasma 
treatment, and solution phase treatment with perfluorous acid.128-131 Although these 
methodologies are scalable, the fluorination process is known to introduce defects to 
the outer nanotube layer,132 and ultimately only introduces a more reactive precursor 
for further functionalisation. Ozonolysis, while grafting reactive precursors which are 
often converted to the corresponding ketone/carboxylic acid, is also known to induce 
porosity in nanotube surfaces as this is often a desirable outcome in the application of 
carbon nanotubes to hydrogen storage, etc.133-135 Hydrogenation of carbon nanotube 
surfaces has been achieved by solution phase via pseudo birch reduction 
(lithium/ammonia) and also glow discharge using elemental hydrogen.136, 137 Although 
the resulting nanotubes have altered surface properties along with changes in 
reactivity, the marked change in carbon hybridisation results in a loss in graphitic 
nature and therefore, the crucial elements of strength.  
  On the other hand, the literature revealed a number of plausible reaction pathways 
which could be pursued in the functionalisation of carbon fibre. Two general themes 
emerged from the review: 1) functionalisation using graphitic sites, and 2) defect site 
functionalisation. The notable examples of each are highlighted below (Figure 33). 
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Figure 33. Applicable carbon nano-tube functionalisation techniques30 
  The Bingel reaction (Figure 33) has been widely used in application to fullerene, with 
a variety of functional arms and applications demonstrating its versatility.138-141 The 
dual tethered ester ‘arms’ provide two opportunities for synthesis of pendant reactive 
groups (symmetric or asymmetric), per every point of attachment to the graphitic 
surface. The second strategy which utilises the graphitic site chemistry is the nitrene 
cycloaddition. There are a number of examples which demonstrate the versatility of 
the reaction and synthetic freedom of design.142-144 The only requirement for the design 
of analogues is the presence of an azide, regardless of its neighbouring functional 
groups. As well as this, the cyclisation by which the molecules attach to the surface 
occurs spontaneously under the application of heat, generating inert side products such 
as nitrogen gas.  
  The third graphitic functionalisation strategy is the 1,3-dipolar cycloaddition 
reaction. There are a vast number of examples which, like the previous methods 
described, detail a number of different successfully incorporated molecular 
structures.145-148 Additionally, the nature of the starting materials required for the 
transformation (an aldehyde coupled with a glycine unit with a free carboxylic acid), 
means that there are two different arms which come together at the same point of 
attachment. The fourth methodology highlighted in Figure 33 use diazonium 
reactivity. Much like the three previous methods, this synthesis appears to be versatile 
in its design, with the analogue design requiring only an aryl diazonium salt moiety or 
even simpler, an aniline functionality to proceed.149-151  
 There are many examples of functionalisation chemistry which utilise “defect 
sites” on the carbon nanomaterial surface, rich in oxygenated functional groups.31, 152-
154 While defect sites are introduced to carbon nanotube ends by acid treatment, the 
  
63 
  
electrolytic oxidisation process introduces oxygenated species such as hydroxyl and 
carboxylic acid groups to the carbon fibre surface. A number of publications highlight 
the versatility of amide bond formation using pendant carboxylic acid moieties, with 
the only requirement for compound design being a primary amine.125, 155 The five 
methodologies outlined in Figure 33 were considered to have great potential in 
application to carbon fibre; not only novel, but conducive to a variety of molecular 
designs for tailored surface properties. 
2.11 Research questions 
1. Which of the proposed methodologies can be successfully applied to 
the functionalisation of carbon fibre? 
   The first aim of this project is to design compounds for each of the five 
functionalisation pathways described in literature in the previous section in application 
to carbon fibre (Table 2). 
Table 2. The reaction methods chosen for trial and general compound structure 
required for each pathway 
Reaction Compound design Functionalised structure 
N-acylation 
 
 
Nitrene reaction 
  
Bingel reaction 
 
 
1,3-dipolar 
cycloaddition   
Diazonium reaction 
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The second aim is to apply the designed compounds to the carbon fibre surface by 
adapting the functionalisation strategies outlined for carbon nanomaterials, to the 
application of carbon fibre. The presence of new functionalities will then be confirmed 
using spectroscopic techniques. 
2. Do the applied functionalisation techniques negatively impact on 
important carbon fibre characteristics? 
  After chemical analysis, the third aim is to do thorough characterisation of individual 
fibres to evaluate the tensile and modulus properties of the resulting samples along 
with a number of other physical parameters. 
3. Using successful attachment techniques, can the pendant chemistries 
be tailored such that the fibres can covalently bind to the surrounding 
resin; and, does this change in surface chemistry increase interfacial 
shear strength in a simple composite system? 
 The fourth aim is to use the methodologies described to introduce reactive moieties 
such as free amine, which could theoretically covalently bond with an epoxide-based 
resin matrix (Scheme 5). 
 
Scheme 5. General scheme representing a functionalised fibre covalently interacting 
with epoxy resin where R is a nucleophile and R’ is an XPS tag 
 
Finally, the fifth and final aim is to test the physical parameters of the treated fibres in 
a single fibre composite system to evaluate the macro-scale changes in interfacial shear 
strength. These data could then be used to infer changes in composite performance. 
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Chapter 3.  
Preliminary Investigations into 
Molecular Design and 
Functionalisation of Carbon Fibre 
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Chapter 3 describes the design of molecules for three different attachment 
pathways and the functiona lisat ion of carbon fibres utilis ing these methods.  
3.1 Background on the application of azides to carbon surface 
via in situ nitrene formation 
  Successful functionalisation of carbon fibre utilising organic azides as nitrene 
precursors has been demonstrated using carbon nanotubes, fullerene (C60) and 
graphene oxide (GO) in a number of different applications.144, 156-158 As the azide 
functional group consists of three continuous nitrogen atoms, the simple application 
of heat can result in extrusion of nitrogen gas, which results in a reactive nitrene 
intermediate (Scheme 6). A nitrene has very unique properties, similar to that of 
carbene; it is an electronically neutral, electron deficient monovalent nitrogen atom 
surrounded by a sextet of electrons (Scheme 6).159 Because of this, it can behave as an 
electrophilic nitrogen and react in a number of unique ways. Nitrene species can exist 
in two different electronic states: the high energy singlet state with a spin coupled 
electron pair, or the lower energy triplet state with one electron pair and two electrons 
with parallel spins (Scheme 6).142 Although possible, it is very difficult to control the 
formation of one electronic species over the other, so when a reaction occurs in the 
presence of a double bond, the mechanism can go via one of two pathways, but both 
result in the same aziridine product.142 
Scheme 6. The in situ formation of a nitrene from the corresponding azide, followed 
by cyclisation on the fibre surface142 
  Azides can easily be inserted into small molecules due to the nucleophilic nature of 
the azide anion. Examples range from thymidine derivatives (Figure 34, A),143 and bi-
functional azidocarbonates for nanotube crosslinking and bucky paper synthesis 
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(B),142 to cyclodextrin attachment for supramolecular chemistry applications (C),160 
solid-phase DNA synthesis (D)161 and carborane tethering (E) to name a few.162 The 
differences in molecular structure between each of the examples in Figure 34 
demonstrates the functional group tolerance and tailorability of azide chemistry. More 
specifically, the versatility of compound design in tethered functional groups forms 
the basis for a wide variety of sidewall decoration and functions. 
Figure 34. Azide derived compounds A – E which have been successfully attached to 
carbon nanomaterials via the nitrene pathway 
3.2 Design and synthesis of molecules as Nitrene precursors. 
  Although there are many examples of successful carbon nanotube/graphene 
functionalisation using reactive nitrene species from thermolysis of organic azides in 
literature, there is a stigma placed on the use of azides which, in some cases, can be 
shock sensitive or high energy explosive compounds.159 Consideration of these factors 
can be taken into account during design of the target azide compounds, as high energy 
analogues can be predicted to some degree by factors such as compound aromaticity, 
conjugation, molecular weight, and degradation products. Nevertheless, the instability 
of nitrenes at very high temperatures (>150 °C) can be used advantageously and has 
led to an emergence of aziridine functionalised nanomaterials, with an abundant source 
of conjugated pi bonds being optimal for nitrene cyclisation.  
  Already within the literature there are examples of functional group tolerance, such 
as aliphatic, aromatic, and carbonylnitrene reactive functions, and carboxyl, hydroxyl, 
amino, and bromo terminated analogues all showing successful material 
functionalisation from their corresponding azides.  
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  As such, for the purposes of this proof of concept study, a simple and easily 
synthesised organic azide was selected for attachment to carbon fibre. To aid in 
detection the compound was designed such that an X-ray photoelectron spectroscopy 
(XPS) visible tag would be included para- to the azide. To achieve this, commercially 
available para- nitrobenzyl bromide 1 was used as the starting material for the one step 
synthesis by nucleophilic substitution (SN2 mechanism) using sodium azide (Scheme 
7). Two methods were trialled: (A) nitrobenzyl bromide was added to a solution of 
sodium azide salt in a 1:1 mixture of acetone:H2O and stirred vigorously for 16 hours 
at room temperature, (B), sodium azide was added to pyridine and stirred for 12 hours 
to form a solution. Nitrobenzyl bromide was then added to this solution and heated to 
50 °C for 16 hours (Scheme 7).  
 
Scheme 7. Synthesis of azide 2  
  In both cases, after aqueous work-up and thin layer chromatography of the crude 
product showed only one compound to be present at the same Rf as the starting 
material. Nuclear magnetic resonance (1H NMR) of the product indicated pure 
material, however there was little shift in any of the diagnostic 1H signals (Scheme 7, 
δ4.56 vs δ4.49), which would indicate conversion to the desired product. Further 
investigation using ATR-FTIR analysis showed the appearance of a distinct peak at 
approximately 2100 cm-1 corresponding to the stretch frequency of an N=N bond of 
the azide in 2, which was not present in the starting material (Figure 35).  
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Figure 35. Infrared spectra of nitrobenzyl bromide (left) and the product (right) 
  Further, 13C NMR analysis of both starting material and product revealed a peak shift 
in the benzylic carbon signal from δ31.0 to δ57.3, the latter being indicative of an 
azide, with no traces of starting material present. Although, both synthetic methods (A 
and B) required a simple aqueous work up to afford the desired compound, and both 
gave a high yield, method A (82% yield) was chosen in favour of method B (91% 
yield), as it was both quicker and required reagents which were less toxic.  
  With the desired nitrobenzyl azide 2 in hand, the next step was to functionalise the 
graphitic outer layer of the carbon fibre via thermal formation of the corresponding 
nitrene. A practical method for aziridine functionalisation of carbon fibre had to be 
carefully considered, as it was very important that the fibres remain intact during 
treatment. A reaction set-up was developed based on published protocols, except 
mechanical stirring or agitation was omitted, allowing a convection current to keep the 
solution in motion. The reaction vessel set-up, as described in Figure 36, included a 
dual-necked round bottom flask fitted with a reflux condenser and nitrogen air flow to 
control atmosphere. The vessel could then be heated to a controlled temperature using 
an oil or sand bath (depending on the temperature required). 
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Figure 36. Carbon fibre functionalisation apparatus adapted from literature 
  Owing to the novelty of the functionalisation process as well as a lack of comparative 
assessments in literature between carbon fibres which have undergone electrolytic 
oxidation (without sizing), and those which have not, both “oxidised unsized” fibres 
and “unoxidised unsized” fibres were sourced from industry for this trial. A number 
of publications also describe the difference in surface chemistries between pre- and 
post-oxidised carbon fibre characteristics in terms of oxygenated functional group 
density. It was rationalised that because the reaction did not require the oxygen 
functional groups on the fibre surface to proceed, that successful functionalisation 
should not be affected by the presence or absence of these species.   
  The reaction was undertaken exercising great caution to minimise potential 
contamination and damage to the sample. A 15 cm length of carbon fibre was placed 
in a clean and dry round bottom flask, followed by purging with nitrogen gas. A 
solution of nitrobenzyl azide in N-methylpyrrolidinone (NMP) was then pipetted into 
the vessel under a nitrogen atmosphere, and tweezers used to ensure the fibre sample 
was fully submerged in the reagent solution. The vessel was then sealed and heated to 
160 °C for 16 hours, after which the solution was decanted.  
  To ensure the removal of unreacted starting materials from the fibre surface, and to 
aid in detection of relevant moieties, the fibres were subjected to a rigorous cleaning 
procedure. Three solvents of differing polarity were chosen to clean the fibre surface 
to ensure complete dissolution of any unbound compounds present (including reaction 
solvent). After the reaction solution was decanted from the round bottom flask, the 
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fibres were resuspended twice and gently swirled in chloroform (75 mL) followed by 
decanting and re-suspension (150 mL of chloroform in total). These steps were then 
repeated using ethanol (150 mL) and finally acetone so all solvent residue could be 
removed under vacuum, followed by removal of solvent using vacuum filtration 
(Buchner funnel). Finally the washed sample was placed in a clean vial and dried under 
reduced pressure (0.1 mBar) for a total of 24 hours to yield the dry functionalised 
product. 
 
Scheme 8. Functionalisation of carbon fibre via in situ nitrene formation to give 
product 3a and b 
The design and synthesis of azides bearing terminal amines were pursued (including 
an XPS tag to aid in detection), but little to no success was achieved (appendix). The 
relatively long synthetic pathways hindered the possibility of large scale practical 
synthesis (appendix), so synthesis was not completed, and application to the carbon 
fibre surface was no undertaken.   
With the treated fibres in hand (Scheme 8), other methodologies were investigated as 
potential functionalisation strategies. Analysis of these fibres will be discussed in 
Chapter 4. 
3.3 The cyclopropanation reaction in carbon nano-material 
functionalisation 
  The second protocol to be investigated was the Bingel reaction, having been 
extensively applied to fullerenes. The reaction, developed by Carsten Bingel was 
published in 1993 as a methodology to cyclopropanate the surface of fullerene (C60) 
using tandem Michael addition and stabilisation of D-halocarbanion to the fullerene 
surface, followed by intramolecular substitution to yield functionalised fullerenes 
(Scheme 9).163 In terms of chemical reactivity of this type, the presence of the malonate 
functionality is crucial to the success of the functionalisation reaction, with the 
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resonance stabilising esters aiding in the acidity of the α-proton, typically a pKa value 
of 13 (Scheme 9, highlighted blue). In the presence of a base (typically a metal hydride 
or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)), the α-position is deprotonated to give 
a highly resonance stabilised carbanion 5 which in turn reacts with the aromatic surface 
6 in a concerted addition/elimination to give the cyclopropane product (Scheme 9), 
though some evidence exists which suggests the mechanism proceeds via carbene 
formation to give the same product.164   
Scheme 9. Reaction mechanism for the functionalisation of fullerene using 
substituted malonate via the Bingel reaction 
  Since that time, this process has been elaborated on to include a number of different 
tethered functionalities (using the malonic ester core),138-141 for a range of 
applications.165, 166 Because of this, the design of a structurally elaborate malonic ester 
was proposed as a potential means of graphitic site functionalisation. 
3.4 Synthesis of analogues for the Bingel reaction 
  An attractive feature of successful functionalisation of the carbon fibre surface via 
this method is that the scaffold would incorporate dual amine arms which could 
theoretically react with the epoxy resin or alternatively, provide a synthetic handle for 
further attachment 16 (Scheme 10).  Two general pathways to the target product were 
proposed (Scheme 10, pathways A and B); Pathway (A) involves the attachment of 
the amine arms to the malonate core, followed by subsequent deprotection, and 
bromination before functionalisation is performed.  
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Scheme 10. Proposed synthesis of reactive amine Bingel reaction product 16 by 
pathways A and B  
Pathway (B) instead begins with diethyl bromomalonate, which is attached first via 
the Bingel reaction, followed by a series of transformations to the surface-bound 
compound to give the same amine product 16 (Scheme 10). 
Pathway A was the first to be investigated as synthesis of the amide product 13, while 
relevant to both pathways, would be easier to optimise in solution phase experiments 
as opposed to the solid state transformation (i.e. 15 to 16). Although there was 
literature precedent which demonstrates the use of ethylene diamine 9 without an 
additional protecting step to form the de-protected version of compound 13, this was 
only achieved by using amine 9  as the reaction solvent, and reacting over a period of 
7 days (which was deemed impractical for this application).167  
  It was hoped that reaction efficiency could be improved by protecting one end of the 
amine giving 11, negating competing reactions. As such, the reaction pathway began 
with the mono-protection of ethylene diamine 9 (Scheme 11). There are many 
protecting groups which are appropriate for application to primary amines, but 
butoxycarbonyl or ‘Boc’ was chosen due to its previously successful application in the 
synthesis of mono-protected bis-amines, and they are acid labile for relatively simple 
cleavage conditions.  
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Scheme 11. Simplified mechanism of mono- and di-boc protection of ethylene 
diamine 
  The mono-Boc protection of di-amine 9 can also result in the bis-protected material 
12 as a minor product (Scheme 11). The occurrence of the unwanted side reaction can 
be minimised by utilising a large excess of amine 9 (in this case, 4 equiv.), and by 
adding a solution of di-tert-butyl dicarbonate 10 (Boc anhydride), slowly in a drop-
wise manner to the amine. This ensures that the amine is in an even larger excess to 
the reagent available for reaction in terms of relative concentration. After the addition 
of Boc anhydride was complete, the reaction was allowed to stir for a further 16 hours 
at room temperature for reaction completion (Scheme 12). It was noted that a white 
precipitate had formed on the inside of the reaction vessel, which was confirmed to be 
the bis-adduct 12 by 1H NMR spectroscopy. The desired compound was isolated by 
first filtering the solution to remove 12, followed by aqueous work-up to remove any 
excess amine 9, leaving only the desired compound 11 in 95% yield which was 
determined by 1H NMR to be greater than 95% pure. 
 
Scheme 12. Synthesis of compound 11 
  With mono-protected compound 11 in hand, synthesis and optimisation of target 
compound 13 began with dimethyl malonate 14 (Table 2), a common starting material 
for the desired transformations. Although a two-fold excess of the protected amine 
would theoretically be sufficient for reaction completion, it was proposed that a four-
fold excess of 11 in high concentration would encourage a better reaction outcome. 
The synthesis was performed in ethanol at reflux for 24 hours (Table 2, Entry1), 
followed by aqueous work-up and thin layer chromatography, which revealed the 
appearance of an unknown product. 1H NMR analysis of the crude material showed a 
complex mixture of unidentified products, with the appearance of new peaks in the 
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δ3.0-4.0 region representing the introduction of an ethylene functional group that the 
crude material was obtained in very low yield (<5%). Attempts to isolate the product 
using column chromatography were unsuccessful. With a small amount of conversion 
noted in the first attempt, the reaction was repeated utilising microwave irradiation at 
120 °C (Table 3, Entry 2) to allow faster reaction, but again only traces of product 
were detected in the crude material.   
Table 3. Amide bond formation between dimethyl malonate and mono-protected 
ethylene diamine 
 
Entry Solvent Heating Time Temp °C Yield (13) 
1 Ethanol Conventional 16 hrs 80 tracea 
2 Ethanol MW 20 min 120 tracea 
3 Toluene MW 20 min 120 NRb 
4 THF MW 20 min 120 NRb 
5 DMF MW 20 min 120 tracea 
6 DMF MW 20 min 140 tracea 
7 DMF MW 20 min 160 tracea 
8 DMF MW 60 min 160 tracea 
9 DMF Conventional 16 hrs 120 NRb 
              a trace defined as <5%, b NR = no reaction, c MW = microwave irradiation 
 
  When the reaction was repeated at the same temperature using toluene (Table 3, Entry 
3) and tetrahydrofuran (Table 3, Entry 4) in place of ethanol, no conversion was 
detected. This was attributed to the low solubility of amine in the chosen solvents. To 
remedy this, dimethylformamide (DMF) was chosen as it has a higher polarity, with 
the added benefit of a high boiling point which could aid in optimisation. Three 
reactions were trialled using DMF at 120, 140 and 160 °C respectively (Table 2, 
Entries 5-7), and once again only trace conversion to the product was observed. 
Extending the reaction time to 1 hr (Table 2, Entry 8) had no effect on conversion.  
  In an attempt to synthesise product 13, malonic acid 17 was utilised in place of ester 
14. The formation of amide bonds between a primary amine and carboxylic acid with 
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the aid of diimide coupling agents is widely documented in literature, (common 
examples are EDCI, DCC, DIC).168 With the addition of a carbodiimide coupling agent 
18, the carboxylic acid is first deprotonated (Scheme 13); the central carbon of 20 is 
then succeptible to nucleophilic attack by the corresponding carboxylate anion 19, 
forming the activated carboxylic acid 21 (with a highly stable leaving group N-acyl 
urea). This then undergoes nucleophilic attack by the amine 11, which generates urea 
leaving group 22, and the desired amide bond. This mechanism then repeats a second 
time to generate the desired bis-amide product 13 (Scheme 13). 
 
Scheme 13. Mechanism of EDCI mediated amide bond coupling 
  When compound 17 was added to chloroform (Table 4, Entry 1), it was noted that it 
had had poor solubility. Fortunately, upon addition of EDCI 18 the acid became 
soluble, indicating interaction with EDCI. After addition of the amine 11, and 
subsequent overnight stirring and aqueous work up, the crude material gave no clear 
indication of the presence of the desired product 13. The reaction was then repeated 
with the addition of HOBt which allows the activated carbonyl to exist for longer in 
solution, in an unsuccessful attempt to improve reactivity (Table 4, Entry 2).  
   It was proposed that an alternative solvent be used which could possibly improve 
upon the solubility issue; as such, DMF was chosen as it is also a highly utilised solvent 
for this particular type of transformation. Unfortunately, the change in solvent made 
no improvement to the desired transformation (Table 4, Entry 3). A second, longer 
mono-boc diamine 25, (n = 7) was synthesised by the same methodology described for 
11 to determine whether the poor reactivity of 11 in the synthesis of 13 was due to the 
close proximity of amine moieties.  Using the new amine analogue 25 the reaction was 
repeated using the same reaction conditions (Table 4, Entry 4), with no improvement 
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in reaction outcome. Attention then turned to the use of an alternative coupling agent; 
in this case PyBrOP was chosen, as it is often used in application to particular ly 
difficult amide bond syntheses.169 Two methods were trialled (Table 4, Entries 5 and 
6), and neither gave any conversion to the product. 
Table 4. Amide bond formation using di-acid and coupling agent  
 
Entry Solvent n Coupling agent HOBt Conditions Yield  
1 Chloroform 1 EDCI N 16 hrs r.t. NRa 
2 Chloroform 1 EDCI Y 16 hrs r.t. NRa 
3 DMF 1 EDCI Y 16 hrs r.t. NRa 
4 DMF 7 EDCI Y 16 hrs r.t. NRa 
5 Acetonitrile 7 PyBrOP Y 20 min, 100 °C, MW  NRa 
6 DMF 7 PyBrOP Y 16 hrs, 100 °C  NRa 
a NR = No reaction  
  With the difficulty of the transformation apparent, a final pathway was designed 
utilising the most reactive available starting material which could give the same 
desired product 13. For this purpose malonyl chloride 27 was chosen. A homogenous 
solution of DCM and a two-fold excess of amine was prepared, and acid chloride 27 
added slowly and carefully to the reaction mixture under nitrogen (Table 4, Entry 1). 
It was noted however, that upon contact with the solution there was a violent release 
of heat and gaseous HCl.  
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Table 5. Amide bond formation by N-acylation 
 
Entry Solvent Reagents Conditions Yield  
1 DCM NEt3 16 hrs, r.t. NRa 
2 DCM NEt3 16 hrs, 0 °C to r.t. NRa 
3 Toluene NEt3 16 hrs, 0 °C to r.t. NRa 
4 DCM NEt3b 16 hrs, 0 °C to r.t. NRa 
               a NR = No reaction, b Freshly sourced 27 was used 
 
  After allowing the reaction to stir overnight at room temperature, the formation of a 
water soluble white precipitate on the inside of the reaction vessel was noted. Thin 
layer chromatography and 1H NMR analysis after aqueous work-up revealed a 
complex reaction mixture, which could not be separated by column chromatography. 
The reaction was repeated a second time (Table 5, Entry 2), this time at 0 °C during 
addition of 27 to minimise solvent boiling during exothermic reaction, but the outcome 
of the reaction remained unchanged. In entry 3, DCM was replaced with toluene, but 
with no success. It was noted at this time that the sample 27 was highly unstable even 
under nitrogen, and it was possible that degradation of 27 had occurred even before 
the reaction was attempted. A fresh sample of 27 was obtained (due to the unstable 
nature of the material upon contact with air moisture), and conditions from entry 2 
repeated (entry 4), but unfortunately the reaction outcome was still unsuccessful. 
  With a number of pathways to bis-amide product 13 investigated, and little success 
observed for any of the applied strategies, synthesis of substituted adducts for Bingel 
reaction functionalisation (Scheme 10, Pathway A) was deemed impractical for this 
study. It was reasoned that although the target compound could be redesigned with 
amine functionality in mind, the lack of success in the initial (and simple) design 
indicated unsuitability for large scale synthesis and application to large quantities of 
carbon fibre. Regardless, due to the availability of simple brominated methylester, the 
viability of the functionalisation pathway (Scheme 5, Pathway B) when applied to 
carbon fibre could still be assessed (discussed in the next section).  
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3.5 Functionalisation of carbon fibre via the Bingel reaction 
  With the successful adaptation of the nitrene functionalisation methodology from 
carbon nanotube treatment, the same reaction vessel setup (page 63) could be could be 
applied to the Bingel strategy. Following published reaction protocols, a sample of 
unoxidised carbon fibre was submerged in a solution of ethyl bromomalonate 14 and 
1,8-DBU in toluene (Scheme 15). The reaction was mixed using gentle manual 
agitation once an hour for 8 hours, followed by a further 8 hours un-agitated, in the 
reaction solution. After this time, all unreacted materials and solvent were removed 
using the thorough washing and cleaning protocol established in section 1.2, the final 
isolated product 15 was set aside for further analysis which will be discussed in the 
following chapter.    
 
Scheme 15. Bingel reaction using ethyl bromomalonate 14 
3.6 Acyl chloride formation and N-acylation  
  Although the focus of this thesis is the surface functionalisation of graphitic sites on 
the carbon fibre surface, this section details chemical manipulation of the defect sites 
(COOH) introduced to the surface during oxidation carried out during fibre production. 
  The conversion of carboxylic acid to acyl chloride is a common transformation in 
organic chemistry used to enhance the reactivity of carbonyl groups in transformations 
such as ester and amide synthesis.170 The most common method for the synthesis of 
acyl chloride uses thionyl chloride 29 and a catalytic amount of DMF 28. These two 
reagents first react, generating sulphur dioxide as a side product, and forming a much 
more reactive iminium intermediate 30 (Scheme 16). Even though carboxylic acid is 
a poor nucleophile, the central carbon of the iminim ion 32 is highly electrophilic and 
drives the formation of the ester 34. Chloride then attacks the carbonyl of 34 which 
regenerates DMF 28, and gives the desired acyl chloride 35. Often the acyl chloride 
species is then isolated through distillation, and used almost immediately for the 
following transformation due to the fact that they are extremely moisture sensitive. 
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The instability of the acyl chloride product is due to its susceptibility to nucleophilic 
attack by adventitious moisture present in the air, residual solvent, and on glassware. 
 
Scheme 16. Mechanism of acyl chloride formation from the corresponding 
carboxylic acid 
  Since the emergence of carbon nanomaterials functionalisation, acyl chloride 
formation has been prevalent in the utilisation of “defect sites” on graphitic materials, 
abundant with carboxylic acid functional groups, even though there are only a few 
examples of carbon fibre being treated this way.153, 171-174 Like the other 
functionalisation strategies discussed in this chapter, the versatility of this 
methodology has been well established in literature. A number of varying structures 
tethered via N-acylation with only pre-oxidation of the carbon surface and a primary 
amine required for synthesis. In every case an oxidative step is performed first by 
treating the material with strong acid such as HNO3 or H2SO4 which, “cuts” or etches 
the graphitic surface; introducing defects in the continuous aromatic structure by the 
insertion of oxygenated functional groups including hydroxyl and carboxylic acid, 
followed by acyl chloride formation and subsequent amine treatment. This is then 
followed by the addition of the primary amine analogue in an amide bond synthesis to 
give a functionalised product (Figure 37). The novelty of the approach described in 
this chapter is the omission of the initial oxidation treatment step, as well as the 
utilisation of carbon fibres which had not been sized (which normally require a de-
sizing step). The use of sized fibres would require removal of the thin epoxy layer by 
soxhlet extraction and does not give a representative surface of unsized fibre during 
manufacture. 
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Figure 37. Functionalisation of carbon nanotubes utilising N-acylation: a) adenine 
tether, b) charged species, c) thiol functionalisation, d) polymer grafting, and e) 
fluorination 
   N-acylation has been effectively utilised to tailor the surface of carbon nano -
materials for a number of different applications from nucleic acid derivatives for 
biomedical applications (Figure 37, a), water solubility (b),173 thiol functionalisation 
for attachment of gold nanoparticles (c),31 to grafting of long chain amine and imine 
polymers for nano-composite formation (d)174 and highly fluorinated analogues (e).153 
The range of functionalities also demonstrates the versatility of chemical design for 
carbon fibre functionalisation via N-acylation, with a number of alkyl and aryl amines 
and a range of molecular weights and polarity (Figure 37).  
  In terms of carbon fibre treatment, there are a number of examples which use defect 
site chemistry to form amide bonds,113, 119, 175, 176 however there are very few examples 
which utilise the formation of the reactive acyl-chloride species followed by N-
acylation.118 With this knowledge, a functionalisation pathway was designed. Using 
electrolytically oxidised carbon fibre, it was thought that fibre integrity could be 
preserved by avoiding post-production oxidation, as factory oxidation is intended to 
introduce oxygenated species such as carboxyl acid to the fibre surface. The reactivity 
of the carboxylic acid groups present could then be enhanced by the formation of acyl  
chloride, followed by N-acylation to give a functionalised product (Scheme 17). The 
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availability of both oxidised and unoxidised carbon fibre meant that both could be used 
for potential functionalisation. While the oxidised fibre should provide adequate 
functional group density for both the acyl chloride formation and the N-acylation to 
occur, the unoxidised fibre should not to an appreciable extent, thus behaving like a 
negative control for N-acylation pathway.   
 
Scheme 17. Generalised chemical structure and acyl chloride/N-acylation pathway 
  The transformation from oxidised CF 37 to 38 involved the conversion of carboxylic 
acid groups present on the carbon fibre surface to acyl chloride species. Utilising the 
reaction set-up developed for the previous functionalisation strategies (page 63), 
samples of oxidised and unoxidised carbon fibre tow were placed in reaction vessels, 
followed by addition of (20 mL) SOCl2, and 1 mL of DMF, ensuring the fibres were 
fully immersed in solution. The solution was then heated to 40 °C for 6 hours under 
nitrogen to encourage maximum conversion to the desired acyl chloride product 38. 
The solution was then decanted, and the resulting fibres washed using a tailored 
protocol for this reaction, as the reactive acyl chloride is highly sensitive to the 
presence of water. As such, the fibres were washed thoroughly with 5 separate 50 mL 
portions of diethyl ether followed by drying under reduced pressure for 24 hours to 
remove residual solvent. Before amidation was performed, a sample of each of the 
oxidised and unoxidised carbon fibre which had undergone the thionyl chloride 
treatment step were set aside for further physical and chemical analysis.  
  N-Acylation was then performed using two different amine sources (Scheme 18). The 
first was a simple and readily available amine ethylene diamine 9. Not only could it 
introduce a reactive pendant amine with which an epoxide-based resin could 
covalently react, but also relatively scalable due to its commercial availability in very 
large quantities. This was achieved by placing a sample of 38 in a solution of 
triethylamine 36 (NEt3, 3 mL), 9 (3 mL) and anhydrous THF (10 mL) heated to 50 °C 
for 24 hours under an inert atmosphere, again using the standard reaction vessel. The 
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second amine 40 was chosen due to the presence of an XPS visible nitro group, not 
only to aid in detection on the CF surface, but to demonstrate the versatility of the 
functionalisation strategy in application to carbon fibre (Scheme 18). The reaction was 
performed using the same reaction and cleaning protocols but using nitrobenzyl amine  
hydrochloride 40 (in the same molar equivalents) in place of ethylene diamine. 
 
Scheme 18. Chemical structure of N-acylation products using two amine analogues 
  With three different functionalisation strategies undertaken, and a number of fibre 
samples in hand (38, 39 and 41), attention turned to analysis and characterisation of 
the fibres. It was hoped that the efficacy of each functionalisation protocol could be 
determined, and analysed to understand the effects of each chemical treatment strategy 
on carbon fibre performance. 
  The majority of the work described in this chapter has been reported in the following 
publication: Servinis L, et al. Surface functionalisation of unsized carbon fibre using 
nitrenes derived from organic azides, Carbon, 2013, 54, 378-388.  
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Chapter 4 describes the characterisat ion of treated and untreated carbon fibres 
prepared in chapter 3 using XPS, SPM, and single fibre evaluation techniques 
to determine the effect of treatment on indiv idua l fibre properties.  
4.1 Chemical characterisation (XPS) of aziridine fibres 
  As discussed previously, X-ray Photoelectron Spectroscopy (XPS) is commonly used 
for the characterisation of material surfaces and has become a standard surface analysis 
technique in many materials publications.19, 177, 178 However, it is very important that, 
when interpreting the resulting data, limitations of the technique and material are being 
taken into consideration.179 In the XPS analysis of an “ideal surface”, atomic ratios 
and high resolution spectra can provide both qualitative and quantitative information 
about the atomic species and their concentration relative to carbon present on the 
surface.179 Unfortunately, for heterogeneous and complex surfaces such as carbon fibre 
the chemical variation of the surface of treated and untreated samples makes 
interpretation of data not trivial nor definitive. However, atomic ratios calculated from 
survey spectra of imperfect surfaces can give qualitative information about compounds 
present on the surface and support hypotheses. Note that all values quoted for a given 
element are relative to carbon content (e.g. F value of 0.15 is F:C ratio). 
  While XPS analysis was carried out by Dr. Thomas Gengenbach at CSIRO Clayton, 
the author assisted in interpretation of the data. The fibre samples presented for 
analysis included both oxidised and unoxidised carbon fibres functionalised using in 
situ generated nitrenes (Chapter 3.1) along with “as-received” carbon fibres as a 
control (Figure 38).    
 
Figure 38. Chemical structure of aziridine functionalised carbon fibre prepared via 
nitrene formatiom 
  Survey scans were first performed on each of the samples to determine which 
elements of interest were present on the sample surface, followed by post-collection 
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processing to determine relative atomic ratios presented in Table 5. It is important to 
note that contaminants are present on the as-received fibres which, after collection 
from the supplier had received minimal handling. The Unoxidised control sample, 
which was sourced from a carbon fibre production line before it had undergone 
electrolytic oxidation, should theoretically be highly carbonaceous with little to no 
contamination. Interestingly this is not the case, with the detection of significant levels 
of oxygen and nitrogen (0.032 and 0.018, respectively, Table 6 Entries 2 and 3). This 
was attributed to incomplete carbonisation of PAN precursor, which would allow 
oxygenated and nitrogenous species (possibly cyclisation products of higher heat 
stability) to remain in the carbon fibre surface. As well as this, both silicon and sulphur 
were detected in low concentration (Table 6, Entries 4 and 5). Commonly, silicone oil 
is used as a finishing on PAN fibre after processing which is not removed before it is 
fed into the oxidation and carbonisation line. As a result, the silicone is burnt off during 
heating to cause silicates to form on the inside of the oven, though residual silicon still 
remains on the fibre surface. 
Table 6. Elemental composition of both treated and untreated carbon fibre samples 
as determined by XPS  
  
Oxidised 
control 
Unoxidised 
control 3a 3b 
Entry Element Meana Dev.b Meana Dev. b Meana Dev. b Meana Dev. b 
1 C 1  1  1  1  
2 O 0.088 0.000 0.032 0.001 0.095 0.002 0.070 0.002 
3 N 0.052 0.002 0.018 0.001 0.147 0.007 0.139 0.002 
4 Si 0.005 0.001 0.003 0.000 0.002 0.000 0.002 0.000 
5 S 0.001 0.000 0.001 0.000     
6 Cl 0.001 0.000   0.002 0.000 0.001 0.000 
7 F     0.002 0.000 0.003 0.000 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
 The Oxidised control sample, when compared with its unoxidised counterpart, 
underwent a number of changes in atomic composition. The electrolytic oxidisation 
process is often conducted in a solution of ammonium bicarbonate, and is designed to 
introduce polar functional groups to the carbon fibre surface. A relatively large 
increase in both oxygen and nitrogen relative to the unoxidised sample was noted, with 
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the concentration of each more than doubling (Table 6, Entries 2 and 3). As well as 
both silicon and sulphur contaminants, chlorine was also detected in low 
concentrations (Table 6, Entry 6) which was attributed to the solution processing and 
washing steps which may be performed in tap water from production.        
With a baseline atomic composition established for the analysis of oxidised and 
unoxidised carbon fibre, analysis both aziridine functionalised samples 3a and 3b 
revealed noticeable changes in surface elemental composition. The concentration of 
nitrogen on the fibre surface had more than doubled in each case (Table 6, Entry 3), 
but the oxygen concentration (which should theoretically increase) was not 
proportional to the increase in nitrogen (Table 6, Entry 2). Control samples which had 
undergone an identical treatment but without azide present, did not display any 
increased nitrogen levels compared to untreated fibres (appendix), indicating that to a 
large extent the additional nitrogen is due to the introduction of the desired compound. 
Although silicon remained on the sample surface (Table 6, Entry 4), the treatment 
appeared to have removed the sulfur contaminant from the fibre in each case (Table 6, 
Entry 4). Unfortunately, low levels of both chlorine and fluorine were also detected, 
which was attributed to contact with used glassware. To understand further the changes 
detected as a result of treatment, high resolution spectra of each atom of interest (O, N 
and C) were collected.  
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Figure 39. Survey scans for each sample (a) oxidised control, (b) unoxidised control, 
(c) 3a, (d) 3b 
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Analysis of the C1s spectra revealed only very minor changes in peak shape (Figure 
40).  Unfortunately, owing to the volume of carbon in the sample area and the variety 
of carbon functional groups which make up the complex surface, the introduction of 
new carbon species such as our compound can be very difficult to detect.  
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Figure 40. C1s high resolution spectra (a) oxidised control, (b) unoxidised control, 
(c) 3a, (d) 3b 
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Figure 41. O1s high resolution spectra (a) oxidised control, (b) unoxidised control, 
(c) 3a, (d) 3b 
Interestingly the high resolution oxygen spectra (Figure 41) did not reveal any 
further information about the presence of the desired compounds on the carbon fibre 
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surface. The results followed a similar trend to that observed in the survey spectra 
ratio, in which there was a noticeable increase in oxygen species between that of the 
unoxidised control, and the sample 3b (Figure 41). Whereas this was not the case 
when comparing the oxidised control and its treated counterpart 3a. It was proposed 
that this observation may be once again due to the presence of oxygenated species, 
which are much more abundant on the untreated oxidised sample than unoxidised, 
which are in fluctuating abundance based on the heterogeneity of the sampling area. 
In contrast, the N1s high resolution spectra provided much more information about 
the nature of the samples. When comparing 3a and 3b to their controls, both showed 
a very distinct increase in nitrogen content with at least two oxidation states. In both 
cases after treatment a distinct diagnostic peak appeared at 406 eV attributed to the 
oxidation state of a nitro group (Figure 42). Additionally, a large increase in peak 
intensity was noted for both samples in the 397-402 eV region. Once again, although 
this increase is likely be the result of the tertiary nitrogen of the aziridine functional 
group, the amount by which this peak grows is disproportionately larger than the 
expected (1:1) ratio. 
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Figure 42. XPS N1s high resolution spectra for (a) oxidised CF, (b) unoxidised CF, 
(c) 3a, (d) 3b 
To gain further information from the spectrum, the treated oxidised sample was 
chosen for further processing and curve-fit analysis (Figure 43) was performed with 
particular emphasis placed on the 398-402 region (in red, Figure 41). Analysis revealed 
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a number of peaks with varying intensity; although a fraction of the intensities at 401 
and 400 eV (Figure 41, N3 and N2 respectively) are due to the presence of some 
nitrogen on the control fibres. 
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Figure 43.  XPS N1s high resolution spectra curve-fit for sample 3a highlighting 
nitrogen species N1 to N5 
   Visualisation of the individual peaks revealed not only that the 406 eV region 
remained one strong peak pertaining to the presence of nitro on the surface, but the 
large section from 397 to 401 eV was made up of two distinct separate peaks at 400 
and 398 eV. The first of the two peaks N2 could be largely attributed to the nitrogen 
species which are present in the oxidised fibre before treatment (Figure 42, b), 
although in an unexpectedly large intensity. The peak at 398 eV (Figure 43, N1 and 
N2) represented that of a new species introduced to the fibre surface such as the tertiary 
nitrogen of the bound aziridine functional group. As such, the XPS evidence was 
consistent with successful functionalisation. The physical characterization of these 
fibres will be presented later in this chapter. 
4.2 Chemical characterisation (XPS) of fibres treated using the 
Bingel reaction 
  In the previous section the diagnostic NO2 group was used to support 
functionalisation as it possesses an oxidation state not native to the fibre surface. As 
such, determination of atomic ratio changes as a result of ethyl ester introduction was 
expected to be a complex task as all the introduced elements are already abundantly 
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present on the fibre surface. To aid in the detection of subtle changes, a control reaction 
was performed whereby the bromomalonate was added in the absence of DBU, which 
would prevent the reaction from proceeding. It was thought that direct comparisons 
could then be made between the samples to determine whether the compound had been 
attached or simply deposited on the fibre surface (along with the presence of bromine), 
and possibly highlight the introduction of new oxygen moieties to the surface (Figure 
44). 
 
Figure 44. General reaction conditions for Bingel reaction sample and control  
  With no other diagnostic elements to analyse, it was hoped that the presence of four 
oxygens for every compound attached may provide a detectable change in O/C ratio 
on the fibre surface. Unfortunately, a survey scan of the material revealed no obvious 
changes in oxygen content, along with the appearance of contaminants such as chlorine 
and fluorine.  
Table 7. Elemental composition of both treated (via the Bingel reaction) and 
untreated carbon fibre samples as determined by XPS 
  control Bingel control 15 
Entry Element Mean a Dev. b Mean a Dev. b Mean a Dev. b 
1 C 1  1  1  
2 O 0.032 0.001 0.018 0.000 0.023 0.000 
3 N 0.018 0.001 0.039 0.001 0.033 0.001 
4 Si 0.003 0.000 0.002 0.000 0.003 0.000 
5 S 0.001 0.000 0.001 0.000   
6 Cl   0.001 0.000 0.001 0.000 
7 F   0.001 0.000 0.001 0.000 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
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  While the survey scan can give some information about moieties present, it must be 
coupled with high resolution data to give a clearer picture of the surface composition. 
Analysis revealed, once again, that no detectable changes had occurred on the fibre 
surface in either C1s or O1s spectra (Figure 45). While the results of the analysis do 
not support or contradict the presence of the proposed ethyl ester product, the results 
are inconclusive. As a result of the synthetic difficulties, as well as the inconclusive 
results of XPS analysis for fibre functionalisation using the Bingel reaction, this 
strategy was deemed inappropriate for the application to carbon fibre and further 
analysis with this sample was not undertaken. 
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Figure 45. (left) C1s spectra and (right) O1s spectra (a) unoxidised control, (b) 
Bingel control, (c) 15 
4.3 Chemical characterisation (XPS) of fibres treated using 
acyl chloride and N-acylation pathway 
Figure 46. Chemical structure of (left) oxidised treated products and (right) 
unoxidised treated products  
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  Similar to the challenges in XPS analysis experienced with the Bingel reaction, this 
methodology introduced molecules to the surface which are composed of elements 
native to the CF surface (Figure 46, highlighted red). As such, a second analogue was 
designed which included a nitro moiety (Figure 46, highlighted blue), which has a 
diagnostic shift in the high resolution spectrum, to aid in detection. Unfortunately the 
analogous reaction using nitrobenzyl amine did not show promising changes after 
amine treatment, with all atoms of interest returning to the original (oxidised control) 
concentration, including nitrogen. This may be due to the reduced nucleophilicity of 
the primary amine imparted by the deactivating NO2 group. 
   In contrast, changes in O/C and Cl/C atomic ratio from samples were immediately 
apparent (Table 8, 38(a), 39(a)). After acyl chloride formation 38(a), not only had 
chlorine concentration (Table 8, Entry 6) increased by an order of magnitude (0.001 
to 0.010), but oxygen, silicon and sulphur had all substantially increased as well (Table 
8, Entries 2, 3 and 5 respectively). Although the presence of contaminants was 
unfavourable (Si, S), their origin could be justified in terms of the reagents used. For 
example, silicone grease was used to lubricate every glass joint attached to the reaction 
vessel thus it was unsurprising that traces were detected on the fibre surface. Secondly, 
the presence of sulphur and oxygen on the surface initially suggested residual thionyl 
chloride (SOCl2), even though the sample had been rinsed thoroughly to remove all 
traces of starting material  
Table 8. Elemental composition of both oxidised treated (via the N-acylation 
pathway) and untreated carbon fibre samples as determined by XPS.  
  control 38 (a) 39 (a) 41 (a) 
Entry Element Meana Dev.b Meana Dev. b Meana Dev. b Meana Dev. b 
1 C 1  1  1  1  
2 O 0.088 0.000 0.196 0.002 0.112 0.007 0.098 0.000 
3 N 0.052 0.002 0.055 0.001 0.088 0.003 0.060 0.001 
4 Si 0.005 0.001 0.030 0.001 0.017 0.002 0.004 0.000 
5 S 0.001 0.000 0.014 0.000 0.003 0.000 0.004 0.000 
6 Cl 0.001 0.000 0.010 0.000 0.004 0.000 0.004 0.000 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
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 Analysis of 38(a) showed a notable increase in nitrogen N/C ratio (Table 8, Entry 3), 
coupled with a decrease in sulphur and chlorine ratio, returning to the original 
concentrations detected in the control oxidised sample (Table 8, Entries 5 and 6). The 
decrease in chlorine (and other elements), followed by an increase in nitrogen is 
consistent with successful amide formation.  
  To gain a further understanding of the changes detected on the oxidised fibre surface 
after treatment, comparisons were made between results gathered for the oxidised 
(control, 38(a) and 39(a)) and unoxidised fibres (control, 38(b) and 39(b)). After 
being treated with thionyl chloride there were no detectable changes in either sulphur 
or chlorine concentration on the unoxidised fibre surface. This observation was 
inconsistent with the initial conclusion that residual thionyl chloride was potentially 
deposited on the surface as deposition would occur regardless of surface composition, 
suggesting a more complex absorption mechanism. However, there was a notable 
increase in the concentration of oxygen detected (Table 9, Entry 2).  
The initial increase in oxygen could be attributed one of to two sources: residual 
thionyl chloride which had degraded under X-ray ablation, or the presence of diethyl 
ether from the washing step. When this sample then underwent N-acylation treatment, 
oxygen and silicon concentration returned to that of the unoxidised fibre control, also 
no detectable increase in nitrogen were noted. The contrast between the oxidised and 
unoxidised samples treated using N-acylation methodology were consistent with 
expected functionalisation in the presence of carboxylic acid groups (oxidised fibre), 
and lack of functionalisation in their absence (unoxidised fibre). 
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Table 9. Elemental composition of both unoxidised treated (via N-acylation) and 
untreated carbon fibre samples as determined by XPS.  
  Unoxidised CF  38 (b) 39 (b) 
Entry Element Meana Dev.b Meana Dev. b Meana Dev. b 
1 C 1  1  1  
2 O 0.032 0.001 0.063 0.002 0.031 0.001 
3 N 0.018 0.001 0.020 0.001 0.028 0.000 
4 Si 0.003 0.000 0.022 0.001 0.007 0.000 
5 S 0.001 0.000 0.002 0.000 0.001 0.000 
6 Cl   0.004 0.000 0.001 0.000 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
  Finally the C1s, N1s and O1s high resolution spectra of all samples were analysed to 
determine if individual species could be identified. Apart from the observations made 
upon analysis of the atomic ratios, only one new peak emerged. The N-acyl nitro 
analogue showed a very distinct peak at 406 eV, much like the shift noted for the nitro 
aziridine analogue, which is representative of a nitro moiety. Owing to the structure of 
the functional group introduced (Figure 46, 41), it would also be expected that there 
would be in increase in nitrogen peak intensity in the 398-401 eV region representing 
the introduction of the amide during N-acylation and an increase in oxygen from the 
NO2; neither of these changes were observed.  
   While the chemical changes after acyl chloride formation and subsequent treatment 
with ethylene diamine were consistent with successful functionalisation, the 
introduction of the nitro analogue on to the surface was inconclusive. This was 
attributed to the heterogeneous nature of the oxidised fibre perhaps resulting in 
inconsistent coverage of carboxylic acid functionalities and therefore, large variation 
between samples. Owing to the limitations of the technique and the fibres, no 
conclusive evidence could be drawn from this portion of the study. Nevertheless, as 
amide functionalisation has a large volume of precedence, the ethylene diamine fibres 
38(a) and 39(a) were kept for further testing. 
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Figure 47. High resolution N1s (left) and O1s (right) spectra (a) control, (b) 39 a, 
(c) 41 a, (d) N-acyl nitro control  
4.4 Single fibre tensile strength and linear density  
  With XPS analysis of fibre treated with the in situ generated nitrene 3(a) and (b) and 
N-acylation 39(a) (ethylene diamine) consistent with successful functionalisation, the 
focus now moved to physical characterisation. For a functionalisation treatment to be 
considered practical, it is imperative that the reaction conditions do not negatively 
impact on important performance properties such as tensile strength, elastic modulus, 
linear density and surface friction. 
  Tensile strength is an incredibly important property in individual fibre and composite 
performance. It describes the maximum tensile stress that the fibre can undergo 
(parallel to fibre length) before failure or breakage occurs. With a tensile strength 
approximately ten times stronger than steel (carbon fibre 2.4-5.5 GPa, steel 0.5 GPa),34, 
180 carbon fibre composites have the potential to outperform current metal alloys.34 As 
such, any novel treatments (chemical or otherwise) which are applied to the carbon 
fibre surface must maintain or improve on the original tensile properties to allow any 
new chemical functionalities to improve composite performance. Measuring tensile 
strength is often performed using time consuming preparation of individual fibres 
mounted on a paper or cardboard frame, followed by careful elongation until the fibre 
breaks (as described by ASTM-D3379 standard). While this is a widely used 
technique,92, 93, 181 the reliable and automated collection of these data along with linear 
density and elastic moduli can be performed using a Favimat instrument (Favimat®+ 
Robot 2 single fibre tester, Textechno H. Stein, Figure 47). In this work, 80±5 mg 
pretension weights were employed to keep samples straight as they were loaded into 
the spring loaded clamps at the top and bottom of each fibre sample.    
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Figure 48. Favimat load cell and tensile set-up 
  To ensure that the evaluated tensile strength would be representative of the sample, 
one magazine of 25 individual fibres were assessed for each of the functionalised and 
control unoxidised samples (control, 38(b), 39(b), 41(b)). The data set for the oxidised 
samples however (control, 38(a), 39(a), 41(a) and 3(a), were increased to three 
magazines (75 individual fibres), as a large data set was required for additional 
statistical analyses. Special care was taken not to damage the fibres through handling 
while cutting each fibre to a maximum of 10 cm in length and clamped into the loading 
magazine with a pretension clamp at the bottom of each individual fibre. Each fibre 
was measured using the same consistent test parameters to avoid variation. Linear 
density (LD) was measured at a pretension of 0.15 mN, and reported in units of tex 
where 1 tex = 1g/km. A gauge length of 10 mm, pretension of 1.0 cN/tex and test speed 
of 1 mm/min was optimal for the determination of tensile strength as it gave consistent 
and reliable data output. The tensile load data was normalised using linear density to 
give specific stress-strain curves from which tensile strength (i.e. ultimate specific 
stress or tenacity) and specific modulus could be determined. This results in the final 
tenacity value generated being standardised against the density, to negate any tensile 
effects which occur as a result of high or low relative fibre density. 
  After single fibre assessment was complete, the data sets were processed using a two 
tailed t-test assuming equal variance, to determine whether there was any statistical 
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differences between the treated samples and the control fibre (P < 0.05 considered 
statistically significant). The results are summarised in the following Figures (49 and 
50). It can be clearly seen that of the oxidised fibre samples, the treatments have no 
statistically significant effect on the tenacity of the fibres in any way (Figure 49).    
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Figure 49. Average tenacity of single fibres assessed for each of the oxidised 
untreated and treated samples ± standard error 
The results for the treated unoxidised fibres gave the same outcome, with no 
statistically significant losses in tensile strength when compared to that of the 
unoxidised control sample (Figure 50).  
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Figure 50. Average tenacity of single fibres assessed for each of the unoxidised 
untreated and treated samples ± standard error 
4.5 Weibull statistical analysis 
Although the tensile data showed good evidence to support the hypothesis that none 
of the proposed treatments detrimentally affect the tensile strength. Owing to the 
heterogeneous nature of the fibres, the random distribution of surface defects along the 
fibre length can result in vastly different tensile strength with varying gauge length. 
Although the systematic measurement of tensile strength under highly controlled 
physical parameters can give a large amount of information about fibre properties, it 
still has limitations. Because carbon fibres exhibit brittle failure under strain, and 
failure is dependent on the distribution of flaws or defects in the specimen, the random 
distribution of strength-limiting defects means the tensile strength of carbon fibre is 
sensitive to gauge length when physically measured (i.e. a longer fibre may be weaker 
due to the presence of surface defects).182 The failure mechanisms of individual carbon 
fibres are well documented, and the distribution of carbon fibre strengths is usually 
described by the weakest link model;183 to remove the variance in results the raw data 
can be processed using the Weibull equation to negate physical limitations.182, 183 
Additionally, the calculations give a measure of relative data spread called “Weibull 
modulus (m), where a larger value represents a smaller spread in data. 
  With adequate analysis already complete for the unoxidised controls (acyl chloride, 
N-acylation and aziridine), Weibull analysis was performed on all of the oxidised fibre 
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samples, as well as the untreated unoxidised sample as a single point of comparison. 
Two separate analyses for each fibre set were conducted with the first including the 
entire data set (n=75), and the second omitting outliers from either end of the data set 
to give a slope that best represents the data (σ0 and σ0* respectively). Interestingly, the 
results were consistent across each of the samples (Table 10), with characteristic 
strengths very close to those measured by Favimat (approximately 3.5 N/tex) and only 
the aziridine functionalised sample being slightly higher at 4.12 N/tex. This result 
indicates that while the strength of the sample appears to be higher than the rest, it 
could be due to the large spread in data shifting the average value. While the majority 
of the functionalised samples reflect the behaviour of the untreated carbon fibre, the 
slight decrease in Weibull modulus for the aziridine sample suggests that there may be 
a slight increase in the probability of failure by critical flaws. Though in a general 
sense, the data revealed that the proposed functionalisation strategies show no 
substantial negative effect on fibre performance. 
Table 10. Weibull data calculated using tensile strength data and 
   Weibull 
modulus 
Characteristic 
strength N/tex 
Correlation 
   m m* σ0 σ0* r2 r2* 
1 
 
Oxidised  
control 3.72 3.49 3.93 3.91 0.9755 0.9939 
2 38 acyl chloride 3.82 3.83 3.72 3.65 0.9439 0.9777 
2  39 N-acyl amine 3.83 3.90 3.70 3.69 0.9836 0.9857 
4 41 N-acyl nitro 4.54 3.91 3.61 3.60 0.9072 0.9154 
5 3 aziridine 2.92 2.52 4.14 4.12 0.9183 0.9614 
6 Unoxidised untreated 3.80 3.78 3.58 3.58 0.9931 0.9950 
  *results after omitting outliers  
4.6  Fibre elastic modulus  
  With the tensile performance assessed, the next important aspect of individual fibre 
performance was elastic modulus. Unlike Weibull modulus which is a statistical value 
describing data spread, elastic or “Young’s” modulus is a physical parameter which 
describes the stiffness of a material under tensile load. Much like tensile strength, 
modulus is a very important aspect of carbon fibre performance which has a 
considerably large effect on composite performance. High modulus carbon fibre is 
highly sought after for specialist high performance materials (e.g. aerospace 
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applications).34 Utilising the specific stress/strain data collected from tensile analysis, 
the elastic modulus of 75 individual fibres from each chemical treatment were 
collected.  
  Statistical analysis of each treated (oxidised) sample was undertaken using 2-tailed t-
test against the oxidised untreated sample, as well as t-test analysis to compare the 
untreated oxidised and unoxidised samples (Figure 51). The data showed consistency 
among every sample tested including the aziridine sample which under-performed in 
the tensile analysis, with moduli falling within a range of 171-190 N/tex and no 
statistical differences noted.  
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Figure 51. Average moduli of single fibres assessed for each of the untreated and 
treated samples ± standard error  
4.7 Coefficient of friction between fibre and aluminium 
  With the highly encouraging individual fibre performance results, other aspects of 
fibre properties were considered. Owing to the applied chemistries targeting the 
surface of the fibre, any changes in surface “roughness” whether chemical or physical 
may have implications on final composite performance. It was proposed that 
significant changes could possibly be detected by measuring subtle changes in friction 
along the fibre surface when in contact with polished stainless steel pins. While friction 
analysis is not a common characterisation technique for individual fibres, it is 
commonly used to describe interactions between laminate layers in composite layup. 
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Moreover, the Favimat machine is capable of measuring the coefficient of friction 
(CoF) of individual fibres, which measures the force needed to move the pins from the 
starting position (gauge length 10 mm), to the final position on the fibre (25 mm from 
start point) at 1 mm/min.  
  It was expected that any changes in friction as a result of altered surface chemistry 
would be only minor. To aid in determining any changes which result from 
functionalisation, fibre controls were also included in the analysis. Interestingly, 
evaluation of the fibre friction revealed that every oxidised functionalised sample 
possessed statistically higher friction relative to the control sample (Figure 52).  
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Figure 52. Average coefficient of single fibres assessed for each of the untreated and 
treated oxidised samples ± standard error, statistically significant data denoted * 
  The unoxidised samples were then analysed, and a very distinct difference compared 
to the oxidised sample was noted. Although the unoxidised aziridine functionalised 
sample showed a distinct increase in friction, the acyl chloride and N-acylation 
products remained the same at the unoxidised control (Figure 53). This indicated that 
the increase in friction was not just a result of the application of solvent and heat (i.e. 
the reaction conditions), but rather appeared to be a result of successful 
functionalisation with the statistically significant increased friction consistent with 
results obtained from XPS analysis.  
* * 
* 
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  This observation is consistent with the employed functionalisation strategies. The 
oxidised fibres possess highly oxygenated species and graphitic sites which can 
undergo amide formation and react with nitrenes, respectively. In contrast, the 
unoxidised surface possess minimal oxygen functionalities, which would not react 
with SOCl2 / H2N-R but would with nitrenes due to their abundance of graphitic sites. 
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 Figure 53. Average coefficient of single fibres assessed for each of the untreated and 
treated unoxidised samples ± standard error, statistically significant data denoted * 
4.8 SPM surface topology and roughness  
  With a thorough understanding of the macro-scale properties, analysis of the micro-
scale was conducted using Atomic Force Microscopy (AFM) as it can evaluate surface 
roughness quantitatively. Many of the carbon fibre treatments in literature describe 
physical changes to the fibre surface such as roughening as a result of chemical 
deposition, or pitting from oxidation etc.28, 101 To fully characterise the fibres, images 
of the fibre surface were recorded at three different positions on each fibre, repeated 
on three individual fibres from each sample 3 × 3 Pm (9 images in total) using a silicon 
nitride probe with a spring constant of 0.12 N, in contact mode (Figure 54). This 
protocol was established as the common AFM practice each time analysis was 
conducted on a new sample. One representative image for each sample was selected 
(Table 11); the remaining images can be found in appendix.  
*
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Figure 54. AFM sample analysis –3 individual fibres from a single functionalisation 
strategy (1,2 and 3), 3 random spots along each fibre were imaged (9 per sample) 
  Analysis of fibre topography revealed a number of things about the nature of the 
carbon fibre surface: 1) the unoxidised carbon fibre has surface generally had a higher 
occurrence of amorphous carbon and other debris than that of the oxidised fibre (Table 
11, left, bottom) suggesting a cleaning process had occurred during oxidative bathing 
and, 2) fibre morphology between individual fibres which had undergone the same 
treatment were noticeably different, highlighting the heterogeneity of carbon fibres 
(see appendix for additional images). When visualising the chosen images alongside 
their untreated counterpart, the oxidised fibre and treated fibre samples appear very 
similar, with no obvious changes to surface roughness or pitting introduced by the 
chemical treatment methods (Table 11, top row). The unoxidised fibres however, 
appeared to be a bumpier along the surface than the oxidised fibres both before and 
after treatment. While the unoxidised fibres appear to be visually “rougher” than the 
oxidised fibre, no conclusions can be drawn until the actual surface roughness has been 
quantified.   
Table 11. Representative SPM images 3 × 3 Pm 
 
  Using nine 1 × 1 Pm images from each sample (to minimise the effect of fibre 
corrugations and curvature in analysis), followed by processing using second order 
 control 38 39 3 
(a) 
 
 
 
 
 
(b) 
 
   
1 
2 
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flattening function, to remove fibre curvature from the resulting calculations (using 
nanoscope software). With nine Rms values for each sample, statistical analysis was 
conducted to give an average value for each, followed by t-tests to determine statistical 
significance. Although visualisation of the data seemed to indicate an increase in 
roughness after N-acyl amine and aziridine treatment, the data showed no statistical 
significant differences relative to the control sample (Figure 55).  
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Figure 55. Average Rms roughness of single fibres assessed for each of the untreated 
and treated oxidised samples ± standard error 
Although the unoxidised samples visually appeared to have a rougher surface than the 
oxidised samples, this was not reflected in the Rms roughness calculations (Figure 56) 
as the topology on the nano-scale was fairly consistent. It should be noted however 
that there was a large spread in data from image to image. Variation was substantial , 
not only between different fibres from the same treatment, but between two spots on 
the same carbon fibre. This observation further highlights the heterogeneity of carbon 
fibre, and is expected.    
  
108 
  
0
5
10
15
20
25
30
35
40
45
50
55
60 Rms roughness of unoxidised carbon fibre samples
R
m
s 
Pm
Fibre treatment
control                38(b)                 39(b)               3(b)
 
Figure 56. Average Rms roughness of single fibres assessed for each of the untreated 
and treated oxidised samples ± standard error 
  A third function of AFM is the ability to measure adhesion between the fibre and the 
probe tip, by pressing the tip to the surface and measuring the force needed to pull the 
tip away again performed at individual spots, allowing “mapping’ of the surface. It 
was proposed that the introduction of new surface functional groups may be able to be 
detected by increased interaction with the polar probe, and the resulting image showing 
the dispersion of new functionalities over a 3 × 3 Pm area. After analysis of nine 3 × 
3 Pm images for each sample, it was discovered that there were many other interactions 
coming into play which not only made it difficult to report changes introduced by the 
functionalisation step, but magnified the heterogeneity of the fibre surface. Adhesion 
plots are presented in the appendix to demonstrate the typical output from the analyses 
and highlight the unsuitability of this technique in the context of this project. 
  In summary, with single fibre characterisation complete for each of the 
functionalisation strategies, it could be concluded that XPS analysis (and coefficient 
of friction) was consistent with functionalisation while important performance aspects 
fibre performance remained unaltered. Furthermore, there was no evidence to suggest 
that any of the treatments had physically altered the fibre surface or performance 
integrity.  The next step was to evaluate the interactions at the fibre matrix interface 
for each sample, as a result of functionalisation in simple composite systems which 
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will be presented later in the thesis. The data presented in this chapter have been 
summarised in Table 12 below. 
Table 12. Data summary for each sample characterised in this chapter 
  XPS 
Tensile 
N/tex 
Modulus 
N/tex 
Friction CoF Rms  Pm 
 
 
Oxidised  
untreated  3.55±0.13 171±4 0.186±0.009 34.8±3.9 
 38 (a) c 3.35±0.11 183±4 0.228±0.009* 33.4±3.4 
39 (a) c 3.34±0.11 175±5 0.227±0.010* 43.3±3.0 
41 (a) i 3.29±0.10 179±5 ND ND 
3 (a) c 3.23±0.11 177±4 0.261±0.009* 41.9±4.4 
 untreated  
3.68±0.15 
2.58±0.24 
190±7 
116±9 
0.167±0.009 36.9±3.5 
Unoxidised         38 (b) i 2.77±0.24 142±9 0.178±0.008 34.7±5.6 
 39 (b) i 2.52±0.22 120±8 0.176±0.007 35.4±4.3 
 3 (b) c 2.22±0.18 122±9 0.278±0.018* 33.0±3.9 
 c=consistent with functionalisation, i=inconclusive, ND = Not determined, * denotes statistically 
significant values, blue denotes values determined in previous experiments compared against their own 
control sample. 
  The majority of the work described in this chapter has been reported in the following 
publication: Servinis L, et al. Surface functionalisation of unsized carbon fibre using 
nitrenes derived from organic azides, Carbon, 2013, 54, 378-388. 
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Chapter 5 presents the design, synthesis and functiona lisat ion of carbon fibres 
via the 1,3-dipolar cycloaddit ion pathway. Characterisa t ion of the resulting 
fibres is then detailed in terms of individua l fibre chemistry and physic a l 
parameters.  
5.1 The application of azomethine ylide chemistry to carbon 
surfaces 
  Since its first implementation in the late 80’s, surface grafting by 1,3-dipolar 
cycloaddition methodology has had a large impact on the field of covalent carbon 
nanomaterial functionalisation. In the context of this project, of the many 
functionalisation methods available in literature, the use of azomethine ylides stands 
out as a highly versatile and effective pathway for the introduction of pendant amines 
to the carbon fibre surface. The 1,3-dipolar cycloaddition reaction using azomethine 
ylides formed in situ was developed as a functionalisation strategy for C60 fullerenes 
as pioneered by Prato, Bianco and co-workers in the late 1980’s and early 1990’s.31, 
184, 185 
  An ‘azomethine ylide’ is a general term which describes a neutral dipolar compound 
with a C=N functionality.  Ylides such as 47 (Scheme 19) and its resonance form 48 
can be synthesised from a number of different starting materials, such as aziridine ring 
opening, carbene-imine cascade, proto-tropic shift, or glycine decarboxylation.186 
Owing to the synthetic simplicity of the decarboxylation route, and in the interests of 
scalability functionalisation via azomethine generation (outlined in Scheme 19) was 
chosen for this study.  
 
Scheme 19. Mechanism of in situ azomethine ylide formation from modified glycine 
aldehyde, and subsequent cycloaddition step on a carbonaceous surface 
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  Azomethine generation via decarboxylation requires a compound with a terminal 
glycine unit such as 42 (highlighted in green, and the desired R-group at the N-
terminus), to condense with an aldehyde 43 (containing the desired R′ group) at high 
temperature. The reaction is entropically favoured by the loss of water and carbon 
dioxide gas, generating an unstable 1,2-dipole 47, which is in equilibrium with the 1,3-
dipole azomethine ylide 48 (Scheme 19). This highly reactive intermediate is then 
captured by an electron rich sp2 hybridised surface to form a pyrrolidine product 49.187 
  The success and versatility of the 1, 3-dipolar functionalisation strategy in modifying 
C60 fullerenes meant it quickly expanded to carbon nanotubes and graphene. A 
plethora of varied applications emerged,148, 186, 188-198 with the conserved translation of 
solubility and various chemical properties by alterations of pendant R and R′ groups.  
With the highly tailorable yet simple methodology of the 1, 3-dipolar cycloaddition, 
the opportunity to utilise this chemistry in the novel application to carbon fibre was 
recognised. With simple alterations to either starting reagent, this pathway could allow 
the covalent attachment of new chemical moieties capable of reacting covalently with 
an epoxide-based resin and increasing the surface polarity of the fibre.   
  Investigation into the suitability of 1,3-cycloaddition functionalisation methodology 
to carbon nano-fibres (CNF) was undertaken by Araujo and co-workers, treated CNFs 
showed increased dispersability within a polyamide resin.199 As a substrate carbon 
nano-fibres can be visualised as consisting of homogenous truncated cones or planar 
layers along the filament length with chemically reactive surfaces at their periphery.  
This contrasts with carbon fibres which are composed of turbostratic, amorphous and 
graphitic carbonaceous species with little to no homogeneity along the fibre surface.20  
That work was followed by another publication by the same group showing that, in 
their hands, the protocol used to generate the azomethine ylide was instead forming an 
unreactive oxazolidinone by-product unable to undergo the proposed cycloaddition 
reaction.200 The formation of oxazolidinones in that work most likely arises from the 
use of an N-acyl amino acid as the azomethine precursor (Z-gly-OH) in combination 
with formaldehyde, as has been observed in the literature, for amino acids bearing N-
carbamates,201-204 and N-amides.205-207 
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5.2 Design and synthesis of glycine analogues for 1,3-dipolar 
cycloaddition  
  With the unrealised potential of azomethine ylide synthesis from amino acid 
precursors in application to carbon fibre, a range of target compounds were designed. 
A general model compound was designed (Scheme 20), which could not only aid in 
XPS detection and characterisation, but introduce pendant amines of different lengths 
and polarity which could theoretically react with epoxide-based resin to ultimately 
enhance fibre-matrix adhesion. Additionally, it was considered pertinent that 
compound design be conducive to variability in molecular architecture and terminal 
functionality allowing for a myriad of potential surface chemistries to be achieved via 
this methodology.   
 
Scheme 20. Molecular design considerations and general structure for attachment to 
carbon fibre surface. Reaction conditions: i)”treatment 1”DMF, 140 °C, 72 hrs, ii) 
“treatment 2”HCl/dioxane 16 hrs. Red denotes amine, green denotes glycine 
  To this end, the well-established protocol described by Prato et al. was chosen.208-210 
Note that the compound initially grafted on to the surface via 1,3-dipolar cycloaddition 
50 (treatment 1) possesses a protecting group (PG, 52), this was required to ensure 
only the α-amino group condensed with the aldehyde during the cycloaddition step.  
As such a second treatment (treatment 2) was also carried out, to remove the nitrogen 
protecting group, thus revealing the reactive amine moiety of 53.  With the above 
molecular requirements in mind, a series of target compounds (Scheme 21) were 
identified, systematically varying the linker chain length, as well as polarity to 
demonstrate the versatility of the synthesis. The three step synthetic pathway started 
with a linear diamine, followed by mono-boc protection, alkylation using benzylbromo 
acetate, and finally hydrogenolysis to reveal a terminal glycine unit. 
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Scheme 21. Analogue synthesis: reagents and conditions (i) Boc2O, CH2Cl2, r.t. 16 
hrs (96-99 %); (ii)  NEt3, benzylbromo acetate 59, THF (anhydrous), 70 °C, 18 hrs 
(27-88 %); (iii) Pd/C 66, methanol, H2, r.t. 16 hrs (51-99 %) 
  The synthesis of amine analogues 11, 25, and 56-58 was performed following the 
published protocols (Scheme 21), for each of the five different analogues. Having 
established reliable methodology for the mono-Boc protection of diamines in chapter 
3.1, synthesis of amine analogues proceeded in excellent yield (Table 13). Interestingly 
the longer chain amines (Table 13, Entries 3 and 4), were much more difficult to 
isolate, as they tended to form foamy emulsions. Extra care had to be taken to ensure 
product was not lost during reaction work-up. In all cases, the mono-protected diamine 
adducts were greater than 95% pure as the crude product. 
Table 13. Synthesis of mono-boc protected amines 
 
Entry n Product Yield (%) 
1 1 11 96 
2 2 56 96 
3 3 57 99 
4 4 25 99 
5 (CH2)2O)2 58 97 
 
  
115 
  
The next synthetic step was to alkylate the free amine of the mono-protected amines 
11, 25, and 56-58. Using the primary amine as a nucleophile in an SN2 reaction, the 
required (protected) glycine unit could be assembled. The mechanism proceeds by 
nucleophilic attack of the α-carbon of benzylbromo acetate followed by elimination 
(Scheme 22).    
 
Scheme 22. Mechanism of N-alkylation 
  Following the reaction conditions outlined by Prato et al. each of the mono-protected 
amines (11, 25, and 56-58), were converted to their corresponding benzyl acetates.210  
Table 14. Synthesis of benzyl acetate analogues 
 
Entry n Starting material Product Yield (%) 
1 1 11 61 82 
2 2 56 62 99 
3 3 57 63 45 
4 4 25 64 56 
5 (CH2)2O)2 58 65 75 
 
  Beginning with the two-carbon chain diamine 11, a solution of benzylbromo acetate, 
triethylamine and 11 in THF was heated to reflux under an inert nitrogen atmosphere. 
After 18 hours the solvent was removed in vacuo followed by re-suspension in 
saturated sodium chloride solution and extraction into ethyl acetate. After column 
chromatography, the pure product 61 was isolated in 82% yield (Table 14, Entry 1). 
Using the exact same protocol for each of the amines gave an unexpectedly large 
variation in yield, with no particular trend noted. While the four-carbon chain amine 
62 had a near quantitative yield (Table 14, Entry 2), the isolated yield of the 6 and 8-
carbon analogues 63 and 64 were much lower, both approximately 50% (Table 14, 
  
116 
  
Entries 3 and 4) as has been seen in literature.164 The oxygenated analogue 65 was 
acquired in a yield of 75% (Table 14, Entry 5). 
  With the benzylated suite in hand, the next step was to cleave the benzyl moiety by 
palladium catalysed hydrogenolysis. This is achieved by adsorption of hydrogen gas 
into solution, under pressure, followed by the formation activated palladium hydride 
64 (Scheme 23). Hydrogenolysis then occurs by a single electron transfer mechanism 
to the benzyl ester to generate the desired substituted carboxylic acid, and toluene as a 
side product.  
 
Scheme 23. Generally accepted mechanism for the hydrogenolysis of benzylacetate 
to carboxylic acid (glycine) 
  Beginning with the two-carbon analogue 61, the sample was dissolved in a solution 
of methanol and a suspension of palladium on carbon (10 % weight/weight), under a 
hydrogen atmosphere. After 16 hrs, the reaction mixture was filtered through a celite 
plug, followed by removal of solvent in vacuo to yield the pure product 68 in 92% 
yield (Table 15, Entry 1). Applying this same methodology to each of the benzyl ester 
analogues resulted in consistently high yields for all compounds 69-72 of 81-94 % 
(Table 15, Entries 2-5).    
Table 15. Synthesis of glycine analogues 
 
Entry n Starting material Product Yield (%) 
1 1 61 68 92 
2 2 62 69 88 
3 3 63 70 94 
4 4 64 71 81 
5 (CH2)2O)2 65 72 83 
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  Due to the complexity of analysis of the carbon fibre surface and individual fibre 
characteristics, it was proposed that one compound of 68 - 72 should be chosen to 
assess the viability of the functionalisation pathway.  With five compounds of varying 
linker length and polarity in hand, analogue 72 was chosen for functionalisation due 
to the enhanced polarity of the glycol chain and the implications for enhanced interface 
interactions. Attention then turned to the preparation of a functionalised carbon fibre 
sample; once again the published methodology was adapted to suit the established 
functionalisation set-up (Chapter 3.2). An aldehyde bearing an XPS tag, 4-
nitrobenzaldehyde, was chosen as the reaction partner.  
  A 30 cm sample of oxidised carbon fibre tow (~1 g), was fully submerged in a 
solution of 4-nitrobenzaldehyde 73 (5.32 g, 0.445 mol), and compound 62 (2.70 g, 
0.88 mmol) in 30 mL of anhydrous dimethyl formamide (DMF) under a nitrogen 
atmosphere. The reaction vessel was then placed in an oil bath at 140 °C and fitted 
with a reflux condenser. The solution was heated and allowed to react for 92 hours 
during which the azomethine ylide 74 forms as a result of thermal decarboxylation, 
followed by subsequent cyclisation to form the functionalised product 75 (Figure 57). 
After this time, the solution was decanted followed by re-suspension and manual 
agitation in chloroform (repeated until solution is clear). The fibres were then 
transferred to a Buchner funnel and rinsed with equal portions of dichloromethane, 
ethanol and acetone (200 mL) under vacuum filtration; followed by drying under 
reduced pressure for 24 hours to yield the functionalised fibre product. 
 
Figure 57. Functionalisation of carbon fibre using compound 75 and 1,3-dipolar 
cycloaddition methodology 
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  Finally, removal of the tert-butoxy (Boc) protecting group via “Treatment 2”, was 
carried out to yield a free amine which could interact covalently with an epoxy resin. 
With no published examples of solid phase boc-deprotection on a carbon fibre surface, 
once again appropriate reaction conditions had to be developed by adapting protocols 
used for application to carbon nanomaterials.211, 212 After an extensive literature search, 
two appropriate methods were identified, the first involved suspending the fibres in a 
solvent followed by saturation with gaseous HCl, or secondly, suspension of the fibres 
in a pre-acidified organic solution (e.g., HCl in 1,4-dioxane).  In the interests of safety 
and scalability, the second approach was considered the more appropriate and so a 2M 
HCl/dioxane solution was prepared in-house. Approximately 80% (the remaining 20% 
reserved for chemical and physical characterisation) of the fibres which had undergone 
surface functionalisation were immersed in the HCl solution and allowed to react for 
16 hours to ensure sufficient exposure to acid.  This was followed by thorough rinsing 
under vacuum filtration.  The fibres were then basified using a 2M solution of NaOH 
(in Milli-q water), and rinsed thoroughly a second time to afford the free amine 76 
(Figure 58). To ensure the grafted compounds were responsible for any changes, a 
control sample was also obtained. 
  As before, a negative control sample (untreated oxidised fibre) was subjected to the 
same deprotection protocol. The base was then removed by washing with 5 portions 
of Milli-Q water (100 mL), followed by transfer of the fibres to a Buchner funnel and 
rinsed under vacuum filtration with acetone (150 mL). The sample was finally dried 
in a desiccator under reduced pressure for 24 hours to yield carbon fibre with an 
attached primary amine. 
 
Figure 58. Boc deprotection on the surface of functionalised carbon fibre 76 
  
119 
  
  For clarity an outline of all controls and fibre treatments is summarised in Table 16. 
With an azomethine functionalised sample prepared, along with separate protected and 
deprotected analogues (and respective controls), the next important step was to analyse 
the surface composition to determine the success of the 1,3-dipolar cycloaddition 
functionalisation strategy.  
Table 16. Summary of sample preparation for chemical analysis including all 
reagent, solvents, and treatments 
Entry  75 76 Treatment 1 
control 
Treatment 2 
control 
1 Previous treatment None Treatment 1 None None 
2 Reagents 72, 73, NEt3   HCl, NaOH None HCl, NaOH 
3 Solvent DMF 1,4-dioxane, H2O DMF 
1,4-dioxane, 
H2O 
4 Conditions 140 °C, 92 hrs r.t. 24 hrs 140 °C, 92 hrs r.t. 24 hrs 
5 Cleaning CH2Cl2, acetone, ethanol H2O, acetone 
CH2Cl2, acetone, 
ethanol  H2O, acetone 
 
5.3 Chemical characterisation of fibre surface using XPS 
analysis 
  As discussed in Chapter 3.1 a large amount of information can be gleaned from the 
chemical characterisation of the treated fibres and their respective controls (Table 16) 
using XPS. As such, analysis began with a survey scan of each sample to identify all 
elements present on the surface and determine their respective atomic ratios relative to 
carbon.  
  As expected, a general increase in oxygen and nitrogen concentration was observed 
after both treatment 1 and 2 relative to their corresponding control (Table 17, Entry 2 
and 3). A disproportionate increase in oxygen signal to 0.15 was noted for both the 
control and the treated sample which had undergone the deprotection treatment (Table 
17, Entry 2). This could be explained by the presence of tightly bound water remaining 
on the fibre after the repeated water washes included in the fibre cleaning 
methodology. Despite repeated attempts, including washing with acetone in addition 
to extensive drying under reduced pressure, the adsorbed water remained present. 
Coupled with these increases was the presence of sodium (Table 17, Entry 7), which 
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also increased after treatment 2 (present on both the treatment 2 sample and control).  
The residual presence of sodium on the surface of the fibres was attributed to the 
deprotonation of surface bound carboxylic acids (from the oxidation process) by 
NaOH, thus forming the corresponding sodium salt ionic species 77 (Figure 59).     
 
Figure 59. Formation of proposed ionic species as a result of Boc-deprotection 
protocol 
 
Table 17. Surface elemental composition of fibres as determined by XPS. 
  75 76 
Treatment 1 
control 
Treatment 2 
control 
Entry  Meana Dev.b Meana Dev.b Meana Dev.b Meana Dev.b 
1 C 1 0 1 0 1 0 1 0 
2 O 0.116 0.002 0.150 0.008 0.126 0.001 0.156 0.002 
3 N 0.044 0.001 0.036 0.003 0.065 0 0.044 0.002 
4 S 0.002 0 0.001 0 0.001 0 0.003 0 
5 Cl 0.001 0 0.002 0 0.005 0 0.003 0 
6 Si 0.002 0 0.003 0 0.003 0 0.006 0 
7 Na 0.002 0 0.011 0.002 0.005 0.001 0.017 0 
8 F 0 0 0.002 0.001 0.001 0 0.001 0 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
 
  To understand further the chemical changes occurring on the fibre surface, high 
resolution data for each element of interest were studied with particular focus on the 
nitrogen spectra due to the inclusion of a NO2 group which gives rise to a distinct N1s 
signal in XPS. First, the C1s and O1s spectra were obtained, and minimal information 
could be interpreted from this spectrum, again due to the heterogeneous nature of the 
fibre (Figure 60). 
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Figure 60. XPS N1s high resolution spectra (left), and O1s (right) for carbon fibres 
Representative spectra for (a) 75, (b) 76, (c) Treatment 1 (control), (d) Treatment 2 
(control)  
  Analysis of the high resolution nitrogen spectra, however, showed a distinct change 
with an increase in both alkyl nitrogen intensity (approximately 400 eV) and the 
appearance of a distinct peak at 406 eV after treatment 1 (Figure 61) representing the 
nitro moiety.  After treatment 2, the ratio of alkyl nitrogen signal (shaded red) relative 
to control sample remains constant, although the large signal which represents the nitro 
moiety shifts distinctly from 406 to 407 eV (shaded blue).  While the latter observation 
is as yet unexplained the data suggest that new nitrogen species have been introduced 
to the fibre surface after treatment 1 (cycloaddition), and remain present after treatment 
2 (deprotection).  This is consistent with functionalisation. 
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Figure 61. XPS nitrogen 1s high resolution spectra for carbon fibres representative 
spectra for (a) 75, (b) 76, (c) Treatment 1 control, (d) Treatment 2 control 
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5.4 Single fibre tensile properties and coefficient of friction 
  As discussed in the previous chapter, the breaking force of 75 individual fibres from 
each sample were measured and standardised against linear density to give tenacity 
(Figure 62). It was found that the average tenacity of the fibres after treatment 1 (3.30 
N/tex) and treatment 2 (3.55 N/tex) compared to the untreated (as received) fibre 
sample (3.55 N/tex), these data did not represent a statistically significant change from 
the control samples. 
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Figure 62. Average tensile strength of treated and untreated carbon fibres ± 
standard error 
  This suggests that, even though the functionalisation mechanism disrupts small 
sections of the graphitic carbon in the fibre, it is not to such a degree that the overall 
structural integrity of the fibres decline. As discussed in the previous chapter, while 
measuring tensile strength is important, the nature of the fibres and their random 
distribution of defects means the tensile strength is dependent on to gauge length.183 
This can be overcome by secondary analysis of raw tenacity data using the Weibull 
equation.182, 183 
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Table 18. Weibull moduli and characteristic strength of treated and untreated 
oxidised carbon fibres as determined by statistical analysis 
 
Weibull 
modulus 
Characteristic 
strength 
Correlation 
 m m* σ0 σ0* r2 r2* 
Oxidised 3.72 3.49 3.93 3.91 0.9755 0.9939 
75 4.32 4.08 3.65 3.63 0.9884 0.9928 
76 4.70 4.32 3.88 3.88 0.9611 0.9790 
                * Data with outliers removed 
  Analysis of each sample confirmed that the fibre strengths correlated well to Weibull 
distributions, with characteristic strengths of the fibres between 3.6 and 3.9 N/tex 
(Table 18) and these values followed a similar trend to that of the mean tensile 
strengths 3.3 to 3.7 N/tex (Figure 62). Although there are some differences in Weibull 
moduli noted, they are within a reasonable range for oxidised fibre samples, suggesting 
a similar probability of failure by critical flaws.55 
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  The second physical property to be analysed was youngs modulus which showed the 
untreated fibres (Figure 63) gave an average modulus of 176.47 N/tex, but 
surprisingly, after treatment 1, the sample modulus showed a statistically significant 
increase to an average value of 195.87 N/tex. The reason for the change in modulus 
could not be explained in terms of chemical changes, but it showed that the fibres had 
not be damaged by the treatment. After treatment 2 however, this value then decreased 
to 171.7 N/tex within the range for the untreated fibres.  
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 Figure 63. Average modulus of treated and untreated carbon fibres (statistically 
significant Figures denoted *) 
  The friction of the fibres were measured and the results followed an unusual trend 
(Figure 64); friction increased from 0.177 (Figure 64) to 0.198 after treatment 1, while 
the fibre friction after treatment 2 was not statistically different from the control  
(0.170), with a coefficient of friction of 0.189, though this may be the result of a 
slightly wider spread in data or may indicate only a low level of surface grafting. The 
overall outcome from these analyses were encouraging as they showed that the 
chemical treatments employed in this study had no detrimental effects on these key 
fibre parameters. 
*
  
125 
  
0.00
0.05
0.10
0.15
0.20
0.25
0.30 Coefficient of treament for treated and
    untreated oxidised carbon fibres
C
oF
Carbon fibre treatment
control                          75                            76
 
Figure 64. Average coefficient of friction for treated and untreated fibre± standard 
error (*statistically significant) 
5.5 Fibre roughness and topography 
  With a thorough understanding of the mechanical properties of the individual fibres, 
the next step involved AFM analysis to understand microscopic changes to the surface  
(following established protocol Chapter 4.8). 
  
Figure 65. Representative height images for (a) oxidised CF, (b) 75, (c) 76 
  Visualisation of the surface topographies highlighted the distinct curvature of the 
sample (as the image was recorded at the apex of carbon fibres which are 
approximately 7-9 Pm in diameter). Analysis also revealed no noticeable changes in 
the fibre structure or obvious damage such as pitting (refer to appendix for remaining 
images). This confirms that the treatments employed do not interfere with the fibre 
surface structure or integrity. This observation was further confirmed by Rms roughness 
analysis, which showed no statistical differences in average roughness when compared 
*
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to the untreated fibre (Figure 66).  This corresponded well to the physical data 
previously collected on these fibres, as extensive surface damage would result in 
augmented fibre strength and friction profiles from those observed. Though again, a 
broader spread in data was noted. 
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Figure 66. Calculated rms roughness for 1x1 μm images ± standard error 
The combination of chemical and physical analysis of the fibres in the 1,3-
cycloaddition functionalisation study are consistent with successful functionalisation 
via this methodology. While some physical parameters such as elastic modulus and 
coefficient of friction appeared to improve slightly as a result of treatment (Table 19), 
there was no evidence to suggest that any of the treatments had been detrimental to 
fibre performance. As with the samples described in Chapters 3 and 4, the next step 
was to evaluate fibre/matrix adhesion in terms of species attached to the fibre surface. 
The data presented in this chapter has been summarised in Table 19 below.  
The majority of the work described has been reported in the following publication: 
Servinis et al. A novel approach to the functionalisation of pristine carbon fibre using 
an azomethine 1, 3-dipolar cycloaddition. Aust. J. Chem. 2014, (Published online), 
http://dx.doi.org/10.1071/CH14254 
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Table 19. Data summary for each sample characterised in this chapter 
 XPS Tensile N/tex 
Modulus 
N/tex 
Friction 
CoF 
Rms 
Pm 
Oxidised  3.55±0.13 171±4 0.170±0.009 34.8±3.9 
75 c 3.30±0.10 194±4* 0.198±0.008* 41.0±7.1 
76 c 3.55±0.10 184±4 0.189±0.014 43.9±7.6 
 c=consistent with functionalisation, i=inconclusive, ND = Not determined, * denotes statistically 
significant values 
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Chapter 6. 
Molecular Design and 
Functionalisation of Carbon Fibre 
Using in situ Diazonium Formation 
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Chapter 6 entails the design, synthesis and functionalisa t ion of carbon fibres 
using in si tu generated diazonium species from two different analogues. The 
two products are compared and supporting evidence provided by XPS.  
6.1 The functionalisation of carbon surfaces using diazonium 
methodology 
  The use of diazonium species for graphitic surface functionalisation has earned a 
reputation as a highly versatile and reliable methodology for surface grafting due to 
the relative simplicity of synthesis, as well as functional group tolerance. 
Demonstrated applications range from modified semi-conductors and electrodes, to 
soluble carbon nano-horns and the tethering of ruthenium complexes to carbon 
surfaces.150, 213-215  
  There are two different and equally effective methodologies for carrying out 
successful surface functionalisation using diazonium species. In the first (Figure 67, 
Path (1), top), an appropriate diazonium salt 81 (usually with a charge diffused anion 
such as BF4) is first synthesised and isolated, followed by activation (removal of the 
diazo moiety) at a carbon electrode in an electrolytic solution.216 Alternatively (Figure 
67, Path 2, bottom), an anilinic amine (e.g. 78) is added to a solution of 
acetonitrile/H2O and an organic nitrite, allowing in situ formation of a diazonium 
intermediate, followed by thermally generated loss of N2 and covalent reaction with 
the carbon surface.214  
Figure 67. Functionalisation conditions (1) electrolytic diazonium salt reaction, (2) 
substituted aniline and nitrite.216 
  Functionalisation pathway (1), while effective, involves the synthesis and isolation 
of unstable diazo-intermediates, such as 81, and requires the substrate to be assembled 
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at a single uniform anode for successful functionalisation to occur.  Such a procedure 
requires time and careful preparation of both reagent and material which was deemed 
unsuitable for carbon fibre functionalisation within the context of this project. In 
addition great care must be used as diazonium salts in large quantities can be 
dangerous, potentially explosive and much less predictable than previously used 
organic azides. In contrast, pathway two begins with common and stable anilinic 
compound 76. Simple and varied anilines can be both purchased commercially (over 
100 available from Sigma Aldrich, Australia), or readily synthesised using a number 
of synthetic methodologies with a plethora of examples in literature.217-219 Generating 
a diazonium from the aniline requires only heating in the presence of alkyl nitrite to 
generate reactive intermediate 80 in situ. Thermal degradation of the diazo species (to 
extrude N2 gas) then directly reacted with the electron rich surface, by-passing the need 
to isolate any intermediate material. 
  With the large number of examples demonstrating the effectiveness of in situ 
prepared diazonium species for surface modification of graphene and CNT materials, 
we considered this methodology to be highly suitable for carbon fibre. To further 
complement this approach, a myriad of aniline functionalisation techniques are well 
established in the literature, allowing for near limitless customisation of the molecule 
to be grafted on to the surface.149, 151, 220-222 Typical examples include grafted polymers 
(Figure 68, A),150 to polar chains for altered solubility (Figure 68, B),149 conjugated 
catechol (Figure 68, C),223 anthraquinone (Figure 68, D),224 and 
tris(bipyridine)ruthenium(II) (Figure 68, E).215 Pathway 2 allows the introduction of 
new chemical moieties capable of increasing polarity of the fibre surface by reacting 
with the abundant graphitic surface, and reacting covalently with an epoxide based 
resin. The synthesis of suitable analogues is both tailorable and scalable. 
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Figure 68. Compounds successfully attached to carbon surfaces using diazonium 
chemistry (A) surface bound polymer, (B) polar groups, (C) catechol, (D) 
anthraquinone, (E) Ru(bipy)3 
6.2 Previous work at Deakin University in functionalisation of 
carbon fibre – proof of concept 
  Work conducted previously at Deakin University by an honours student used 
unoxidised carbon fibre with a simple anilinic compound which could be easily 
synthesised from simple starting materials, while including both the required aniline 
attachment point and a tag for XPS detection 84, in this case a nitro moiety. XPS 
analysis of the resulting fibres 85 (Figure 69) revealed interesting changes in the 
surface chemical composition. High resolution nitrogen spectra (Figure 69) of the 
treated and untreated samples show the appearance of a large peak at approximately 
406 eV, representing the introduction of a nitro species on to the fibre surface. 
Successful functionalisation of the fibre was supported by the notable increase in 
oxygen, attributed to both the nitro moiety (NO2) and ether linkage (R-O-R’) of the 
diazonium product. 
  
132 
  
394398402406410
In
te
ns
ity
 (c
ps
)
Binding Energy (eV)
(a)
(b)
Nitrogen 1s
 
Figure 69. Treatment 1 of unoxidised fibre to yield a nitro terminated analogue 85 
  Furthermore, there was no notable increase in other baseline nitrogen species, 
suggesting there was complete conversion of the aniline to the diazo species, and no 
residual starting material present on the surface. With the chemical analysis strongly 
suggesting the presence of the nitro compound, a series of preliminary mechanical 
assessments were undertaken to understand the effects of the treatment on important 
physical properties; showing no loss in modulus, tensile strength, or changes to fibre 
topography. With the preliminary results from the proof of concept study, my 
contribution was to design a second more complex analogue, to structurally elaborate 
on the functionalisation methodology. This constitutes an aniline derived compound 
when attached to the surface, resulting in a pendant amine being exposed to interact 
with epoxy-resins on the surface.   
6.3 Design and synthesis of compound 88 
  The target compound was designed such that it would include three key components: 
(i) an aniline moiety for carbon fibre attachment; (ii) an XPS tag for ease of 
characterisation (CF3), and; (iii) an amine available for reaction with an epoxide based 
resin (Figure 70).  
 
Figure 70. Schematic of an ideal compound for attachment to the carbon fibre 
surface 
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  A generic structure of the desired compound was proposed (Figure 70), and a 
hydrophilic linker was thought to be optimal as this may increase the surface polarity 
and enhance fibre ‘wettability’, as is desirable for good dispersion within curing resins.  
Finally, target compound 88 was proposed (Scheme 23) which possesses all of the 
desired molecular features. Most notable within this scaffold are the use of a 
fluorinated (CF3) group as the XPS visible handle and the incorporation of a 
dioxydiethylene linker group. Using methodology described in the previous chapter 
(5.2), the synthesis began with mono-Boc protection of diamine 55 (Scheme 23), to 
introduce both polarity, and a bi-functional synthetic handle to obtain 58 in 97% yield. 
Alkylation of the amine was then performed using 5-fluoro-2-nitrobenzotrifluoride 86 
in 74% yield, to introduce a CF3 XPS tag and the masked anilinic nitrogen in the form 
of a nitro moiety 87. Finally, reduction of the nitro group to the corresponding amine 
was carried out using catalytic hydrogenation in 68% yield to afford the target 
compound 88, ready for attachment to carbon fibre. 
 
Scheme 23. Reaction conditions (i) Boc2O, DCM, 16 h, 97%; (ii) 5-fluoro-2-
nitrobenzotrifluoride 86, DMF, 100 °C, 80 min, 74%; (iii) H2, Pd/C (10%, 10% 
w/w), MeOH, 16 h, 68% 
  Much like the functionalisation strategy discussed previously (Chapter 5), the alkyl 
amine terminating the oxyethylene chain remained protected to negate any side-
reactions or interference from the alkyl amine during in situ diazotization.  
  A solution of ortho-dichlorobenzene (60 mL), acetonitrile (30 mL) and fluorinated 
aniline 88 (1 equiv.) was first degassed in a 250 mL round bottom flask by purging 
with nitrogen for 1 hour. A sample of oxidised carbon fibre (approx. 400 mg) was then 
added to the solution under a nitrogen atmosphere and fully submerged in the solution, 
followed by addition of tert-butyl nitrite (2.5 equiv. relative to 88). The reaction vessel 
was then placed in an oil bath at 50 °C and fitted with a reflux condenser under nitrogen 
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atmosphere, and allowed to react for 24 hours (Figure 71). After this time, the solution 
was decanted followed by re-suspension and manual agitation in chloroform (repeated 
until solution is clear). The fibres were then transferred to a Buchner funnel and rinsed 
with equal portions of dichloromethane, ethanol and acetone (200 mL) under vacuum 
filtration; followed by drying under reduced pressure for 24 hours to yield the 
functionalised product 89 (Figure 71).  
 
Figure 71. Functionalisation of oxidised carbon fibre using in situ diazonium 
formation  
  Approximately half of the fibres from 89 were set aside for physical analysis, while 
the remaining sample 89 was placed in a 100 mL round bottom flask, and fully 
immersed in an anhydrous solution of HCl in 1,4-dioxane (2 M, 20 mL). The solution 
was left to react at room temperature for 24 hours, after which, the HCl/dioxane 
solution was decanted and the fibres washed with 3 portions of milli-Q water (150 mL) 
to ensure removal of acid. The fibres were then basified using a milli-Q/NaOH solution 
(2 M, 3 × 20 mL), with each separate addition of hydroxide first manually agitated, 
then allowed to sit for ten minutes to allow reaction to proceed. The base was then 
removed with 5 (50 mL) portions of milli-Q water, followed by transfer of the fibres 
to a Buchner funnel and rinsed under vacuum filtration with acetone (150 mL). The 
sample was then dried in a desiccator under reduced pressure for 24 hours to yield free 
amine 90 (Figure 72). 
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Figure 72. Treatment 2- deprotection of sample 89 to give free amine 90 
  Control samples were also prepared alongside treatments 1 and 2 using the same 
treatment protocols, removing the active reagent to prevent functionalisation from 
occurring. The controls, reaction conditions, and previous treatments for each sample 
are summarised in Table 20. 
Table 20. Summary of sample preparation for chemical analysis, ortho-diazonium 
treatment 
Entry  Treatment 1 
control 
89 Treatment 2 
control 
90 
1 Previous Treatment None None None Treatment 1 
2 Reagents None 88, tert-butyl nitrite HCl, NaOH HCl, NaOH 
3 Solventa o-DCB/MeCN o-DCB/MeCN 1,4-dioxane H2O 1,4-dioxane H2O 
4 Conditions 50 °C 24 hours 50 °C 24 hours r.t. 16 hours r.t. 16 hours 
5 Cleaning DCM, acetone, ethanol 
DCM, acetone, 
ethanol H2O, Acetone H2O, Acetone 
 a o-DCB/MeCN = 1,2-dichlorobenzene/acetonitrile, 2:1, respectively. 
6.4  XPS analysis of carbon fibre functionalised with 14, and 
subsequent control samples 
  Chemical characterisation of 89 and 90 and their respective controls (Table 21) began 
with a survey scan of each sample to identify atomic ratio. Interestingly, very few 
trends could be identified at this point; with the concentration of nitrogen and oxygen 
relative to carbon showing no substantial changes (Table 21, Entries 2 and 3). The only 
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exception was a notable increase in the fluorine signal (Table 21, Entry 4) for both 
treatment 1 (0.014 vs. 0) and treatment 2 (0.07 vs. 0), representing the presence of the 
aryl-CF3 moiety of the introduced compound. Treatment 2 and its control however, 
show an increase in sodium concentration on the surface (Table 21, Entry 5), which 
was attributed to the carboxylic acid moieties present on the fibre surface as discussed 
previously (page 120). 
Table 21. XPS surface analysis, atomic ratios presented 
   
Treatment 1 
control 89 
Treatment 2 
control 90 
Entry  Element Meana Dev. b Meana Dev. b Meana Dev.b Meana Dev. b 
1  C 1 0 1 0 1 0 1 0 
2  O 0.123 0 0.118 0.002 0.15 0.008 0.105 0 
3  N 0.042 0.001 0.048 0.001 0.036 0.003 0.034 0 
4  F 0 0 0.014 0.001 0.002 0.001 0.007 0.001 
5  Na 0.001 0 0.002 0 0.011 0.002 0.009 0 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
 
  With the changes in fluorine concentration on the surface consistent with 
functionalisation, it was important to investigate further any subtle changes induced 
by the presence of other atoms which make up the tethered compound. As discussed 
in previous chapters, high resolution C1s analysis often shows no changes due to the 
complexity of the carbonaceous surface, but is always undertaken in the interest of 
thoroughness and the relevance of any information which can be gained. As expected 
no changes could be detected between the controls and their respective treatments  
(Figure 73).  
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Figure 73. High resolution C1s XPS spectra of (a) treatment 1 control, (b) 89, (c) 
treatment 2 control, (d) 90 
 The high resolution N1s spectra were then analysed. With an amine and amide 
species present in the compound it was hoped that this may enhance the nitrogen signal 
in high resolution analysis. While a small increase in nitrogen concentration was noted 
at 400 eV (Figure 74). This was very low and suggested that only very small amounts 
of the desired compound if any, was successfully grafted on to the surface. The 
presence of the peak at 407-408 eV (Figure 74, right), was attributed to the residual 
nitrite functionality form the diazo formation, or nitrite initiated oxidation of 
nitrogenous species residual on the surface. The presence of this compound on the 
surface is unsurprising if only a very small portion of 88 was grafted to the surface. 
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Figure 74. High resolution N1s XPS spectra of (a) treatment 1 control, (b) 89, (c) 
treatment 2 control, (d) 90 
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  While the general trend of the data suggests the presence of the desired compound, 
these results did not reflect the significant changes noted for the analysis of the proof-
of-concept presented in section 1 (Figure 69). Although it was disappointing to observe 
only minor changes in surface chemistry, suggesting only trace levels of surface 
functionalisation, it was important to understand the effects of the treatment on fibre 
integrity and performance.  
6.5  Single fibre physical characterisation 
Since only a trace amount of fluorinated compound was detected on the fibre 
surface, the resulting fibres were considered highly important in the context of further 
“control” analyses. The samples provided an extra point of comparison, where the 
original controls were performed without the active compound present, the current 
samples were performed in the presence of aniline 88. As a result, any further changes 
which occurred as a result of the presence of such a compound could then be 
characterized. While the full suite of physical characterization was performed, it was 
expected that there would be little deviation from the control samples. 
   Once again the tensile data showed good evidence to support the hypothesis that 
none of the proposed treatments detrimentally affect the tensile strength, with no 
statistical change in fibre tensile strength (3.31 and 3.67 for samples 89 and 90 
respectively, Table 21). Weibull analysis showed (appendix) that the calculated 
characteristic strengths (both before and after the removal of outliers in the data), were 
not only consistent across the samples (approx. 3.9), but also very similar to that of the 
measured tensile strength (approx. 3.5), suggesting that the treatments do not introduce 
variation in fibre strength, with the probability of failure by critical flaws remaining 
unchanged.  
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Figure 75. Coefficient of friction of fibres before and after treatment 
  Assessment of the young’s modulus (Table 21) showed consistency across all the 
fibre samples, with only slight increases in modulus from 170.96 N/tex for the control 
fibres, increasing to 177.60 N/tex for sample 89, and to 188.33 N/tex for 90. Finally, 
fibre surface friction was measured to determine if the lack of functionalisation was 
consistent with previous observations. The results showed that after treatment, there 
was no change in surface friction (Figure 75), further supporting the hypothesis that 
minimal changes to surface chemistry had occurred. In addition to XPS and single 
fibre characterisation, analysis of the micro-scale detail of the fibre surface was 
undertaken using the established AFM protocol. When each of the treated samples are 
compared to that of the oxidised control (Figure 76, (a)), the general appearance and 
fibre structure appear to remain the same suggesting that the treatments had not harmed 
the surface structure or fibre integrity (Figure 76, (b) and (c)).   
 
Figure 76. Representative height images for (a) oxidised control, (b) 89, (b) 90 
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  An unexpectedly large increase in roughness was noted compared to the control 
(Figure 77, 35 nm), for sample 89 (Figure 77, 48 nm), which remained after subsequent 
treatment 2 to give 90 (Figure 77, 45 nm), although the change in roughness was not 
visually apparent. This suggests that although functionalisation may be minimal, the 
presence of the aniline in the reaction vessel has notably altered the surface’s micro-
scale roughness.  
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Figure 77. Calculated rms roughness for 1x1 μm images ± standard error 
With the analysis complete (results summarised in the following Table 21), the next 
step for this particular technique was to understand the changes in reactivity noted by 
these analyses and propose a new and more effect design for structurally complex and 
functional analogues. A portion of each sample was set aside for interfacial analysis. 
Table 21. Data summary for each sample characterised in this chapter 
 
XPS Tensile N/tex 
Modulus 
N/tex Friction CoF Rms  Pm 
Oxidised  3.55±0.13 171±4 0.170±0.009 34.8±3.9 
89 i 3.31±0.10 178±4 0.168±0.008 48.0±7.2* 
90 i 3.67±0.11 188±4* 0.164±0.009 45.1±5.3* 
c=consistent with functionalisation, i=inconclusive, ND = Not determined, * denotes statistically 
significant values 
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6.6 Molecular redesign and evaluation 
  With the success of surface functionalisation contrasting dramatically between 
compounds 84 and 88 (Figure 78), it was apparent that there was a significant loss in 
reactivity between anilinic substrates. The changes in structural design between the 
two analogues were considered, with the major difference between the two compounds 
being the inclusion of the trifluoromethyl substituent on 88.  The trifluoromethyl group 
is inductively electron-withdrawing, decreasing electron density about the amine (and 
in turn, reducing nucleophilicity). Also its ortho-substitution related to the anilinic 
nitrogen implies that the CF3 group may sterically hinder both the formation of the 
diazonium intermediate, and the approach of the reactive site to the carbon fibre 
surface (Figure 78). For detection purposes the presence of the CF3 was crucial, so it 
was proposed that this hypothesis could be tested by redesigning the CF3 group in a 
different position relative to the amine. The only other position which the CF3 could 
occupy was the position meta to the amine as in Figure 76, compound 93. 
Figure 78. Assessment and redesign of fluorinated analogue 
  To this end, a second analogue 93 was synthesised (Scheme 24), inspired by 88 and 
maintaining all the desired molecular features of the complex analogue (such as an 
XPS detectable tag, a hydrophilic linker, a point of attachment, and a free amine which 
could react with the resin). Following the same synthetic steps as described in the 
previous Chapter (6.3), while utilising a meta substituted starting material 91, the 
synthesis proceeded in higher yield for each of the reaction steps, and final compound 
93 was obtained on a large scale (Scheme 24). 
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Scheme 24. Synthesis of 93 (i) Boc2O, DCM, 16 h, 97%; (ii) 2-fluoro-5-
nitrobenzotrifluoride 91, DMF, 100 °C, 80 min, 92%; (iii) Pd/C, EtOAc, 16 hr, 98% 
  Considering the interplay between steric effects versus electronic effects when 
examining the functionalisation success, it was thought that a comparison of amine 
nucleophilicity between 88 and 93 may shed light on which will have the bigger 
influence on surface functionalisation.  As such a simple N-acylation of 88 and 93 was 
undertaken using strictly equimolar amounts of benzyl chloride 94 at low temperature 
(Figure 79).  
 
Figure 79. Comparative reactivity of compounds 90 and 95 
  The results obtained after purification showed a clear distinction between the 
performances of the two analogues. The ortho substituted aniline 88 gave only trace 
conversion to 95, indeed, attempts to isolate the material proved fruitless as there was 
so little material. Conversely, the meta-substituted aniline 93 vastly outperformed 88 
giving 96 in an excellent isolated yield of 85%.  Although this reaction does not 
directly represent the in situ formation of diazonium and subsequent functionalisation, 
it gave some insight into the relative reactivity of the two compounds.  Additionally, 
this result suggests that steric effects are playing a more important role in this scenario 
than any amine deactivation induced by the trifluoromethyl group.  
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6.7 Fibre functionalisation and XPS analysis 
  Following the exact functionalisation protocols detailed in the previous chapter the 
meta-substituted aniline 93 was applied to oxidised carbon fibre giving protected 
amine 97 and primary amine 98.  
 
Figure 80. Treatment 1 and 2, functionalisation of oxidised carbon fibre using 
diazonium methodology and meta analogue 
  Following previously established methodology, half of the treated fibres were then 
kept aside for characterisation while the remaining fibres were subjected to 
deprotection treatment 2 to yield a free amine as in 98 (Figure 80). Control samples 
were also undertaken as a point of comparison, with the final products and controls 
outlined in the table below (Table 22). 
Table 22. Summary of sample preparation for chemical analysis including all 
reagent, solvents, and treatments 
Entry  Treatment 1 control 97  
Treatment 2 
control 98 
1 
Previous 
treatment 
None None None Treatment 1 
2 Reagents None 
93, tert-butyl 
nitrite 
HCl, NaOH HCl, NaOH 
3 Solvent 
O-DCB, 
Acetonitrile 
O-DCB, 
acetonitrile 
1,4-dioxane 
H2O 
1,4-dioxane 
H2O 
4 Conditions 50°C 24 hours 50 °C 24 hours r.t. 16 hours r.t. 16 hours 
5 Cleaning 
DCM, Acetone, 
Ethanol 
DCM, Acetone, 
Ethanol 
H2O, Acetone H2O, Acetone 
O-DCB = ortho-dichlorobenzene 
As with previous samples, XPS analysis was undertaken to first determine 
which elements were present on the sample surface relative to carbon. As hoped, the 
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redesigned meta-diazonium compound (97 and 98) showed a highly promising 
increase in fluorine signal, due to the presence of the CF3 tagged compound while 
control samples did not. Unfortunately there were two unexpected and distinct changes 
which were noted: 1) an increase in fluorine signal after the deprotection step in 
“treatment 2 control” relative to treatment 1 control and, 2) a large shift in binding 
energy appearing at approximately 407 eV in the N1s spectrum (Figure 81). The exact 
source of the fluorine contamination in the treatment 2 control sample was unknown, 
but it was speculated that it may have been due to general silicone glassware 
contamination which occurs in the lab, which often holds fluorine contaminants via 
the very strong S-F bonds.  
Table 23. Elemental composition of both treated and untreated carbon fibre samples 
as determined by XPS  
  Treatment 1 control 97  
Treatment 2 
control 98 
Entry Atom Meana Dev.b Meana Dev. b Meana Dev. b Meana Dev. b 
1 C 1  1  1  1  
2 N 0.042 0.001 0.041 0.002 0.035 0.001 0.039 0.001 
3 O 0.085 0.001 0.104 0.001 0.103 0.002 0.072 0 
4 Si 0.002 0 0.004 0 0.002 0 0.003 0 
5 S 0.001 0 0.006 0 0.001 0 0.001 0 
6 Cl 0.001 0 0.002 0 0.002 0 0.003 0 
7 F 0 0.001 0.018 0 0.009 0.001 0.020 0.001 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two measurements 
at different locations 
The appearance of a distinct new nitrogen species at 407 eV was attributed to 
the presence of unreacted tert-butyl nitrite. The nitrite functional group, much like a 
nitro group, appears at a distinct frequency (in a range of 406 to 408 eV) due to the 
oxidation state of the nitrogen when bond to two oxygens.    
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Figure 81.  High resolution N1s spectra for (a) 97, (b) “treatment 1” control, (c) 98 
(d) “treatment 2” control
  Because of these unexpected contaminations, conclusions could not be drawn about 
the success of the new treatment. Attempts were then made to rule out the effects of 
adsorption in the detection of fluorine signal for samples 97 and 98, by subjecting the 
samples to a second pass washing procedure (following the original washing and 
drying protocol for a second time). In the interest of thoroughness, a new set of controls 
with a wider set of parameters were prepared, to understand the presence of 
contaminants seen in previous attempts. Once again, XPS was undertaken to analyse 
the surface of the treated carbon fibre samples.  
 
Scheme 28. Reaction conditions outlined for each of the new control samples 
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 It was found that the increase in fluorine which had been detected in samples 97, 98 
and the control sample, was only present in samples which had undergone 
functionalisation treatment in the rewashed series (99 and 100). This suggested that 
the initial presence of fluorine was removed during the second rinsing step and that 
small amounts of adsorption contributed to the errant results.  
   Similarly, the presence of the nitrite signal (Figure 82) which had been detected in 
samples 98 and 99 while still present, had been greatly reduced as a result of thorough 
washing (99 and 100). A peak at 406 eV representing residual nitrite was noted for 
sample 102 as expected, due to the lack of a thorough washing step. Additionally, 
although it is difficult to identify in Figure 80, after deprotection treatment (100) the 
signal appears to have shifted slightly to 407 eV, possibly due to the presence of 
acid/base. With the surface contamination minimised, comparisons could then be 
made between that of the original samples. 
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Figure 82. High resolution N1s spectra for (a) oxidised CF, (b) 99, (c) 100 (d) 102 
   Analysis of the new samples revealed greater changes in surface chemistry than 
previously noted for samples 90 and 91. The first to note is the increase in fluorine 
ratio (Table 24), from 0 F/C for the oxidised CF, to 0.020 and 0.015 for 99 and 100 
respectively. This increase can be attributed to the presence of the CF3 functionality 
on the new analogue (Scheme 28), with the proposed diazonium reaction introducing 
the functionality during synthesis of 99 which, if attached, should remain after the 
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deprotection step (100), which was reflected in the results. Additionally there is a slight 
increase in oxygen concentration, for both 99 and 100 which can be linked to the 
introduction of 93 to the surface of the carbon fibre. Unfortunately, this was not 
reflected in the nitrogen ratio, which remained fairly consistent across all samples. The 
O1s and C1s high resolution spectra were again, difficult to interpret and are provided 
in appendix.  
In conclusion, the study revealed that inadequate rinsing of fibres can result in residual 
contaminants on the fibre surface which can be detected even in low concentration, by 
XPS analysis. However, further rinsing showed a decrease in contaminant 
concentration, while retaining signals representing the presence of desired molecules 
introduced by the functionalisation reaction. 
6.8 Single fibre tensile, friction, elastic modulus, and Weibull 
statistical analysis 
  With chemical characterization consistent with successful functionalisation, and the 
improvement in reactivity of the new complex analogue apparent, the next important 
step involved the assessment of critical mechanical parameters. The investigation 
began by determining the tensile strength/tenacity. When fibres from sample 99 and 
100 were compared to that of untreated oxidised fibres, no significant changes in 
tensile strength, as a result of either chemical treatment steps, were observed (Figure 
83). This suggests that while the reaction covalently attaches the diazonium 
compounds to the graphitic surface, it does not compromise the integrity and strength 
of the fibre.  
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Figure 83. Average tensile strength of treated and untreated carbon fibres 
(treatments highlighted in Scheme 28) 
Analysis of each sample confirmed that the fibre strengths correlated well to 
Weibull distributions (Table 25) with r2 values above 0.95. The characteristic strength 
values also correlated well to the measured tensile strength: from 3.5 to 4.1 N/tex for 
the control sample, 3.3 to 3.6 N/tex for 99, and 3.7 to 4.1 N/tex for 100, with a 
consistent increase noted for all samples. Additionally, Weibull moduli were fairly 
consistent across the three samples, with a range from 3.76 to 4.62, indicating a similar 
probability of failure by critical flaws. 
Table 25. Weibull distributions of treated and untreated oxidised carbon fibres 
Sample Weibull modulus 
Characteristic 
strength N/tex Correlation 
 m m* σ0 σ0* r2 r2* 
untreated 3.72 3.49 3.93 3.91 0.9755 0.9939 
99 4.57 4.35 3.62 3.59 0.9406 0.9780 
100 4.40 4.06 4.02 4.02 0.9574 0.9837 
            *results after omitting outliers  
  Analysis of 99 showed no change in specific modulus, but after treatment 2, sample 
100 fibres showed a slight increase in specific modulus (Figure 84). Despite unknown 
reasons for the change, the increase in modulus was considered beneficial. However, 
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the combined analyses of tensile strength and modulus strongly suggested that the 
treatments had not altered the crucial strength and stiffness character of the fibres. 
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Figure 84. Average modulus of treated and untreated carbon fibres (statistically 
significant data denoted *) 
The coefficient of friction (CoF) of individual fibres against polished stainless 
steel pins were analysed, as the friction at the carbon fibre/resin interface plays an 
important role in mechanical interlocking of the composite.95 Previous investigations 
conducted within this project,55 have indicated trends which suggest that an increased 
CoF value may be related to successful compound grafting. The CoF values 
determined for samples 99 and 100 in this case showed significant changes in 
comparison to the untreated carbon fibre (Figure 85). As the chemical characterization 
by XPS strongly suggests the successful introduction of the diazonium analogue on to 
the carbon fibre surface, this result seems to be consistent with our previous 
observations and covalent surface grafting.55 
* 
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Figure 85. Average coefficient of friction for treated and untreated fibre (statistically 
significant data denoted *) 
6.9 AFM surface topography 
As per previous procedures, atomic force microscopy was employed to analyse the 
general surface features of the treated and untreated fibres, and to detect any changes 
in nano-scale roughness after treatment.  
 
Figure 86. Representative height images for (a) oxidised control (b) 99, (c) 100 
  Upon visualisation of the surface topographies (Figure 86), it can be seen that there 
is no noticeable changes in the fibre structure or obvious damage (see appendix for the 
remaining images); this suggests that the treatments employed do not interfere with 
the fibre structure or integrity. This observation was further confirmed by roughness 
analysis, which showed no statistical differences in average roughness when compared 
to the untreated fibre (Figure 87). Although again, it should be noted there was a large 
* *
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amount of variation in roughness even within two spots on the same continuous fibre 
for the de-protected sample. 
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Figure 87. Calculated rms roughness for 1x1 μm images 
With the application of complex analogue 93 to the fibre surface complete, and XPS 
analysis indicating limited success, the compound was successfully redesigned to 
improve reactivity. New analogues 99 and 100 were then characterised using XPS and 
the single fibre physical analysis protocol; the results showed a marked improvement 
in the presence of fluorine on the fibre surface, along with tensile strength and modulus 
values consistent with those before treatment, and a large increase in fibre friction as 
a result of treatment. Each of samples which had undergone treatments 1 and 2 were 
kept aside for further fibre/matrix interaction analysis. The data collected for these 
samples are summarised in the table below. 
The majority of the data presented in this chapter are detailed in the following 
publication: Servinis L, Henderson LC, Andrighetto LM, Gengenbach TR, Huson 
MG, Fox BL. A novel approach to functionalise pristine unsized carbon fibre using in 
situ generated diazonium species to enhance interfacial shear strength. J. Mater. 
Chem 2014; under review 
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Table 26. Data summary for each sample characterised in this chapter 
 XPS Tensile N/tex 
Modulus 
N/tex Friction CoF Rms  Pm 
Oxidised  3.55±0.13 171±4 0.170±0.009 34.8±3.9 
99 c 3.65±0.11 184±4 0.633±0.008* 34.0±3.1 
100 c 3.59±0.12 192±5 0.602±0.011* 44.3±6.3 
c=consistent with functionalisation, i=inconclusive, ND = Not determined, * denotes statistically 
significant values 
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Chapter 7.  
Evaluation of Fibre Treatments Using 
the Single Fibre Fragmentation Test 
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Chapter 7 describes the formation of single fibre composites and Single Fibre 
Fragmentat ion Tests to determine Interfacia l Shear Strengt h before and after 
fibre functionalisat ion 
7.1 Background of the single fibre fragmentation test 
  The interest in carbon fibre performance has led to investigations directed toward 
controlling adhesion between the rigid carbon fibres, and ductile resin matrix. 
Tailoring the fibre/matrix interface is a complex task involving challenging scientific 
problems;106 in particular, the quantitative measurement of adhesion using   
micromechanical methods. There have been a number of “round robin” tests involving 
a single-fibre fragmentation (SFFT), micro-debonding, single fibre pull-out and single 
fibre compression tests. Unfortunately results have shown that inconsistent data was 
generated between the same samples from each technique.225 When identifying a 
suitable testing method, several considerations must be taken into account which can 
render several techniques ineffective.82, 95 Currently, SFFT derived from the original 
research by Kelly and Tyson which was developed for tungsten filaments in a copper 
matrix, is the most appropriate technique for the assessment of a brittle-fibre and 
ductile-matrix system such as carbon fibre (as discussed in chapter 3).95, 99, 226 
Additionally, methodology has been developed by Feih et al. which is a reliable and 
reproducible approach to preparation and analysis of the fibre/matrix interface using 
SFFT.106  
  For the SFFT to generate relevant results, the resin system used must have a strain-
to-failure at least three times that of the fibre;226 this allows the fibre cracking to reach 
‘saturation’ (where application of further axial stress gives no further fragmentation), 
before matrix failure occurs.  In the procedure described by Feih et al.,227 specimens 
are prepared in a dog-bone shape (Figure 88), and elongated using a tensile tester. 
Often the experiment is performed in situ under a polarised light microscope, so fibre 
fragments can be visualised as they occur. As elongation force is applied, the fibre 
inside the resin breaks into increasingly smaller fragments at points where the strength 
of the fibre (σf) has been reached/exceeded.226 
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Figure 88. Left: Specimen with increasing number of fibre breaks due to increased 
strain levels in the matrix. Right: Stress in fibre as function of position for the 
respective matrix strain levels. Zero stress corresponds to a position with a fibre 
break106 
 As axial stress is applied and the fibre fractures, the tensile stress σ at the point of 
breakage reduces to zero (Figure 88, right). The tensile stress in the carbon fibre 
increases linearly from each broken edge, plateauing in longer fragments (Figure 88, 
σ1). As the axial strain increases, the fibre fractures into smaller and smaller fragments 
(Figure 88, σ2), until no further fragmentation occurs (Figure 88, σ3). This saturation 
of fibre fragmentation occurs when the fragments are too short to transfer the amount 
of stress need to break the fibre further (Figure 88). This fragmentation process can be 
used to measure the strength of bonding between the fibre and the matrix by calculating 
the average critical fragment length lc (the details of which will be discussed in further 
detail later in this chapter). Ultimately, the average fragment length at saturation being 
directly related to both the strength of the fibre, and the interfacial shear strength. 
7.2 Preparation of single fibre composites 
  Using a silicone mould prepared from a master mould (Appendix), six individual 
carbon fibres were carefully placed along the centre of each of the six dog-bone 
composite moulds, with pretension clamps on either end of each fibre to ensure the 
fibres are kept straight and taut within the composite. 
  Once the fibres were suspended across the mould, Momentive™ epoxy resin 
(RIM935) was prepared by mixing with amine hardener (RIM937) vigorously for 30 
minutes, followed by degassing under reduced pressure to remove all bubbles (voids). 
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The resin was then carefully poured in each mould (with care taken to fully immerse 
the fibres), and pre-cured at room temperature for 48 hours. The samples were then 
post cured at 100 °C under vacuum, for 16 hours. The samples were then removed 
from the mould (Figure 89, left), and were ground and polished to the desired 
dimensions (25 mm × 5 mm × 2 mm) and transparency (Figure 89, right). 
   
Figure 89. (left) composite before grinding and polishing, (right) after complete 
sample preparation  
This process was repeated so that each of the different carbon fibre samples which had 
undergone functionalisation treatment (as well as relevant controls), had six single 
fibre composite samples each, to give a representative result. The next step was to use 
the composite coupons to perform the single fibre fragmentation test.   
7.3 Fragmentation testing 
  With all of the single fibre composite samples prepared, the next step was to test the 
composites to failure, to determine the effect of surface treatment on fibre/matrix 
adhesion. While a number of samples and controls had been prepared throughout the 
study, the following samples (Table 27) were deemed representative of each of the 
successful functionalisation pathways; each strategy presented examples of both XPS 
detectable and amine functionalised fibre. 
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Table 27. A summary of the treated fibres  
No. of 
samples Chapter 
Sample 
no. Sample description Amine 
6 3.0 (control) Oxidised fibre N 
6 6.3 89 Ortho-diazonium protected N 
6 6.3 90 Ortho-diazonium deprotected Y 
6 6.8 99 Meta-diazonium protected N 
6 6.8 100 Meta-diazonium deprotected Y 
6 3.6 38 Acyl chloride N 
6 3.6 39 N-acyl amine Y 
6 5.2 75 Cycloaddition protected N 
6 5.2 76 Cycloaddition deprotected Y 
 
  The visualisation of the fragmentation process was performed using a portable light 
microscope-camera (AD-4113ZT Dino-Lite, AnMo Electronics Co. Taiwan). Using a 
tensile tester (Instron 5967, Instron Pty Ltd, USA), each coupon was mounted 
vertically in the test rig and fixed carefully using the clamps to minimise slippage 
during testing (Figure 90). The microscope was then placed against the sample, with a 
white cap on the opposite side of the composite to provide contrast to the very fine 
black carbon fibre, followed by focussing. Strain was then applied to the coupon 
parallel to fibre direction using a tensile tester at a crosshead speed of 0.05 mm/min, 
while monitoring the changes in situ using the microscope coupled with a recording 
device. The sample was elongated to a minimum of 8% of the total gauge length to 
ensure crack saturation (30 to 60 minutes), which was often followed by matrix failure. 
Samples were then collected for further analysis. 
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Figure 90. The instron machine with a composite test coupon clamped in vertically, 
before testing 
Beginning with the untreated oxidised carbon fibre as a “baseline”, the six composite 
samples were visualised using an optical microscope and fragments both measured and 
counted. Representative images from 5× to 20× magnification are presented in Figure 
91. Image (a) (Figure 91 (a) to (d)) shows a typical fracture pattern observed within 
the composite after testing. A number of features can be highlighted, with the first 
being the fragment length. Although the image only shows three fragments (with the 
average sample containing between 40 and 60 fragments along the 20 mm gauge 
length), many of the fragments were approximately 500 um each, and relatively 
consistent between different composite samples.  
After sample testing, fragmentation was measured ex situ using an optical microscope 
(High Resolution Olympus DP70, Olympus Melville NY) equipped with a polarising 
lens. A combination of polarised light and dark-field microscopy was utilised to 
highlight small gaps between fragments (as the resin could shrink back to its original 
length and with it, retract the fragments back together). 
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Figure 91. Optical microscope images of oxidised carbon fibre composite coupons 
tested to failure (a) 5 × magnification with fibre breaks and fragments highlighted, 
(b) 10 × mag, (c) 20 × mag of gap between fibre fragments and debonding, (d) 
matrix splitting as a result of high bond strength 
  The second thing to note was the star shaped pattern observed under polarised light 
starting at the centre of a fibre fragment and moving outward into the matrix, as well 
as the white light which surrounds the fibre from the point of breakage to the centre.  
Although analysis of these ‘birefingence’ patterns is complex, it has been suggested in 
literature that they may be used to indicate the occurrence of de-bonding at the point 
of fibre breakage. Although the pattern noted in the oxidised sample (Figure 91 (a) and 
(b)) is not exactly that of example b (Figure 92), it does follow a similar shaper 
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whereby the light spreads outward from the point of breakage to the centre of the 
fragment where it disappears again.   
 
 
 
 
 
 
Figure 92. Illustration of birefringence patterns which occur during fibre failure (a) 
when no de-bonding occurs, and (b) after debonding227 
  The last feature to note was the occurrence of matrix splitting anti-parallel to the fibre 
at the point of fibre breakage.227 This is often indicative of strong bonding occurring 
between fibre and matrix, whereby the fibre breakage does not necessarily result in de-
bonding, and instead continues placing strain on the matrix until failure occurs.  
With all of the fragment data collected and the images analysed, the interfacial shear 
strength of IFSS could be calculated using the Kelly-Tyson model. There are a number 
of key parameters which hold great influence over the final result. First, the average 
fragment length at saturation l. While there are visual aspects of SFFT analysis which 
can indicate changes in bonding at the interface, it is the average length of fibre 
fragments in the sample l which is used in the final evaluation, calculating the average 
fragment length in each composite coupon to give a series of IFSS values.  
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  From the average fragment length l, the critical fragment length lc can be calculated. 
This value takes into account the length of the fibre needed to introduce enough stress 
for the fibre to break. The equation to calculate lc  (Eqn.1) is derived from a series of 
equations which are explained in further detail by Feih et al.227  
                        
 Once the critical length has been calculated, the characteristic strength σ0, Weibull 
modulus m, and gauge length L0 (the gauge length at which tensile data was collected) 
can then be used to calculate the fibre strength at critical length σf (Eqn. 2) i.e. the 
strength of the fibre when fragmentation has reached saturation. Refer to experimental 
for further details. 
7.4 Analysis of samples using microscopy and IFSS 
calculations – in situ generation of diazo species 
  As discussed in the previous chapter, the initial design of functionalised fibres with 
an ortho-substituted aniline (relative to CF3), appeared to have limited success, if any 
(Scheme 29). 
 
Scheme 29. Reaction conditions and reagents used for initial in situ diazonium 
formation which were used as a point of comparison 
  Therefore the samples were considered a useful point of comparison as effectively a 
control sample whereby the carbon fibre had undergone treatment in the presence of 
all reagents, but should not have any improvement in surface adhesion. The results of 
SFFT from these samples were then used to understand further, any changes to IFSS 
due partly to handling and washing etc. which occurred as a result of functionalisation 
using the second design and functionalisation pathway. 
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7.41 First design – ortho-diazonium compounds 89 and 90 
  When the treated fibres underwent assessment by single fibre fragmentation, 
visualisation of the fragments revealed a very interesting change. The samples which 
had been treated using the diazonium formation (89, protected amine) reaction 
appeared to have generally larger fragments (Figure 93, (a) and (b)). The general 
features of the sample were very similar to that of the untreated oxidised sample, with 
de-bonding between fragments noted as well as a similar birefringence pattern.  
  After the deprotection protocol was used, the fragments appeared to spread in size 
distribution with some noticeably smaller fragments, and many more fragments even 
larger again (Figure 93, (b) and (c)). Unfortunately, the majority of the sample had 
very few features to work with, much like Figure 93 (d), fibre breaks were difficult to 
detect, and many parts of the composite had no birefringence features. It was proposed 
that if the longer fragments were a result of lower interfacial shear strength, perhaps 
excessive de-bonding could result in the fragments have more freedom to slide within 
the fibre cavity. This means fragments could slide back together upon release of axial 
stress, and perhaps minimise and stress that would usually translate to the matrix 
material due to free movement. 
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Figure 93. Optical microscope images of sample 89 composite coupons tested to 
failure (a) 5 × magnification with fragments highlighted, (b) 10 × magnification, and 
images of 90 sample (c) 10 × magnification showing short fragments and, (d) 10 × 
mag with one large fragment 
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  To further understand the effect of the “control” surface treatment and observations 
made in situ, the fibre data were presented in terms of fragment size distribution 
(Figure 94). It can be clearly seen that there is a large shift in fragment size distribution 
weighted to the right, after the initial treatment step (Figure 94, 89), which is followed 
by a further increase in fragment size after deprotection (Figure 94, 90). To highlight 
the spread in data and relative abundance, the fragment sizes for each sample set have 
been plotted in the following table, binned at intervals of 140 μm according to 
literature.227 
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Figure 94. Fragment size distribution of samples relative to total 
   These data were then used to estimate apparent shear strength at the interface (τIFSS) 
from the Kelly-Tyson model which is given by: 
 
where σf is the fibre strength at the critical fragment length, df is the fibre diameter. 
Due to the lack of instrumentation to measure the diameter of each of the fibres being 
tested in the series, the average diameter of 7 μm (specified by the supplier, and 
coupled with microscopy observations), was used for the df  of all samples. The 
interfacial shear strength of the treated fibres were calculated to compare interface 
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performance with that of the oxidised, untreated sample (a summary of which is 
presented in Table 28). 
Table 28. Average values calculated from Weibull and SFFT analysis for the ortho-
diazonium samples to obtain average IFSS 
 l (μm) lc (mm) 
σ0 
(cN/tex) m 
σf 
(cN/tex) 
τIFSS 
(cN/tex) 
% 
change 
control 560±22 0.747 389.75 3.50 822.61 3.84 - 
89 579±11 0.772 398.61 4.21 732.44 3.40 -12% 
90* 705±16 0.940 393.29 3.74 740.00 2.76 -19% 
      overall -28% 
               *statistically significant data 
  Consistent with observations made during composite analysis, the interfacial shear 
strength of the samples were less than that of the original oxidised carbon fibre (Figure 
95); with a 12% decrease after the initial functionalisation treatment, and a further 19% 
decrease after the deprotection treatment. This suggested that both the 
functionalisation treatment and deprotection protocol may have effectively “washed” 
the fibre surface, lowering mechanical binding. Additionally, the lack of any notable 
increase in adhesion after the deprotection treatment was consistent with the 
conclusion that functionalisation was minimal, if not unsuccessful for samples 89 and 
90.   
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Figure 95. Final IFSS values from the ortho-diazonium series 
7.42 Second design – meta-diazonium compounds 99 and 100 
  With a baseline established in terms of the treatment steps undertaken for diazonium 
treatment, direct comparisons could be made between the ortho-substituted aniline 
series in the previous section, and the meta-substituted analogues. First, the sample 
which had undergone the diazonium functionalisation treatment 99 was tested. Results 
from the previous chapter had shown that that the same functionalisation protocol (in 
the presence of a slightly different compound) had decreased the adhesion between 
fibre and matrix. Much like in the previous section, the pendant amine remained 
protected at this point, so it was not expected that there would be an increase in IFSS.  
   Visualisation of the fibre fragments (Figure 96), not only highlighted large fragment 
sizes (Figure 96, (a)), but also a distinct lack of visual features such as de-bonding 
between fragments, matrix stress, and matrix splitting (b). Throughout the samples 
tested, the fragments were exceptionally difficult to detect and capture, and very few 
examples of matrix stress were noted. These results were tentatively attributed to a 
lack of adhesion between fibre and matrix, reflecting the results in the previous section 
as a result of treatment. 
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Figure 96. Optical microscope images of sample 99 composite coupons tested to 
failure (a) 5 × magnification with fragments highlighted, (b) 5 × magnification with 
fragments highlighted 
  When the de-protected sample 100 was analysed however, there was a marked 
change in fragmentation features (Figure 97). Immediately, much shorter fragments 
could be identified (Figure 97 (a)), this time with the appearance of a number of 
different birefringence patterns indicating matrix stress around the fibre (b), and 
clearly distinguishable fibre fragments (b). Additionally, the occurrence of matrix 
splitting was once again abundant. The results of the deprotection protocol in this case, 
vary vastly from that of the ortho-diazonium sample, which had an increased fragment 
size and decreased IFSS. 
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Figure 97. Optical microscope images of sample 100 composite coupons tested to 
failure (a) 5 × magnification with fragments highlighted, (b) 5 × magnification with 
dark-field image in the presence of light (c) 5 × magnification with dark-field image 
in the absence of light 
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 The fragment distribution plot further highlighted the changes in fragmentation. After  
the functionalisation (sample 99), a dramatic change in size distribution can be noted, 
with a large shift to the right with much larger fragments suggesting a decrease in 
adhesion. Conversely, after deprotection (sample 100), the distribution leans to the far 
left, with fragments even smaller than that of the oxidised control fibre sample 37.      
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Figure 98. Fragment size distribution of samples relative to total: (black) control, 
(red) functionalised with protected amine, (blue) pendant amine 
Once again, using the data collected from Weibull analysis and fragmentation, a 
number of calculations were made which are presented in the table below (Table 29).  
Table 29. Average values calculated from Weibull and SFFT analysis for the meta-
diazonium samples to obtain average IFSS 
 l (μm) lc (mm) 
σ0 
(cN/tex) m 
σf 
(cN/tex) 
τIFSS 
(cN/tex) 
% 
change 
control 560±22 0.747 389.75 3.50 822.61 3.84 - 
99* 659±17 0.879 359.02 4.35 627.88 2.54 -34% 
100* 470±9 0.626 402.06 4.06 795.61 4.29 +69% 
      overall +12% 
*statistically significant data 
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The trends seen in the fragment distribution plot were reflected in the final IFSS results 
for the treated samples. After diazonium functionalisation to 100, there was a 35% 
decrease in IFSS from 3.85 to 2.50 cN/tex (Figure 99, Table 28), an even bigger 
decrease in adhesion than the previous ortho-diazonium sample (Table 28). Then after 
deprotection (101), a 78% increase in IFSS from 2.5 from 4.45 was observed.4 When 
taking into account the results from the previous ortho-substituted samples, the 
deprotection protocol on its own decreased the adhesion; so the noted increase in IFSS 
after deprotection of the meta-substituted sample has to first negate the initial decrease 
in adhesion from reaction conditions before an increase can be detected. This suggests 
the effectiveness of the treatment strategy and subsequent deprotection has an even 
larger impact on bonding at the fibre surface than can be measured by just the increase 
in IFSS alone.  
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Figure 99. Final IFSS values from the meta-diazonium series 
7.5 Analysis of samples using microscopy and IFSS 
calculations - N-acylation 38 and 39 
  With established protocol in hand, attention turned to comparing the results of 
samples synthesised using defect site chemistry via amide formation with ethylene 
diamine. First, the acyl chloride sample was tested, as the synthesis of reactive species 
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on the fibre surface could alter the performance at the interface. Not only that, but it 
was important to evaluate changes to fibre/matrix adhesion as a result of each step in 
chemical treatment to understand the effect of each treatment. As the images in Figure 
100 show, the same features which were present in the oxidised carbon fibre (Figure 
91) can be seen. Although a notable variation in fragment length 179 – 1201 μm was 
recorded, ultimately a very similar average fragment length was observed. The same 
de-bonding and birefringence pattern was also noted in both images (a) and (b) (Figure 
100).    
 
Figure 100. Optical microscope images of sample 38 carbon fibre composite 
coupons tested to failure (a) 5 × magnification with fibre breaks and fragments 
highlighted, (b) 10 × magnification 
  In contrast the N-acyl amine 39 which had undergone acyl chloride formation 
followed by amide formation gave a much different result to those of the oxidised fibre 
and acyl chloride 38. Firstly, the appearance of a number of large matrix cracks were 
noted (Figure 101, (a)). This was accompanied by much smaller fragments, which can 
be seen in Figure 101 (b) and (c), as well as instances of what appears to be a change 
in birefringence pattern (seen in Figure 101 (d)). Unlike previous examples, there 
appears to be a distinct triangular shape at the point of fibre breakage, which then 
tapers down, and appears at the next break. This suggests that in this case, de-bonding 
may not be occurring, perhaps due to a much stronger fibre/matrix adhesion. 
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Figure 101. Optical microscope images sample 39 composite coupons tested to 
failure (a) 20 × magnification of a matrix tear, (b) 5 × magnification with fibre 
breaks and fragments highlighted, (c) 5 × magnification under dark-field to highlight 
fragments, (d) 20 × magnification showing birefringence and fibre breakage 
Plotting the fragment distribution highlighted that while the oxidised fibre and the acyl 
chloride 38 appear to have a very similar distribution of data (Figure 102, black and 
red bars), there is a clear distinction in preference for smaller fragments, the case of 
the N-acyl amine functionalised 39 fibres (blue).  
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Figure 102. Fragment size distribution of samples relative to total 
  This observation is further reflected by the statistically significant decrease in 
fragment length calculated for the N-acyl amine sample.  With all of the fragment data 
collected and the images analysed, the interfacial shear strength of IFSS could be 
calculated using the Kelly-Tyson model. Each of the average values calculated for 
each data set are presented in Table 30.  
Table 30. Average values calculated from Weibull and SFFT analysis for the N-
acylation sample to obtain average IFSS  
 l (μm) lc (mm) 
σ0 
(cN/tex) m 
σf 
(cN/tex) 
τIFSS 
(cN/tex) 
% 
change 
Control 560±22 0.747 389.75 3.50 822.61 3.85 - 
37 491±20 0.655 364.75 3.83 743.14 4.02 +4% 
38* 388±13* 0.571 367.94 3.95 759.54 5.27 +31% 
      overall +37% 
      *statistically significant data 
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Figure 103. Final IFSS values for samples treated using N-acylation protocol 
   The final IFSS results indicate the acyl chloride treatment introduces negligible 
improvement in IFSS. This result was unsurprising as the proposed surface chemistry 
did not provide any extra nucleophilic functional groups, and initial visualisation of 
the tested single fibre composite coupons indicated a very similar performance to that 
of the untreated oxidised control sample. The N-acyl amine sample however, showed 
a marked increase in IFSS. There was a 36% increase from the oxidised fibre (3.84 to 
5.27), and a 31% increase from the acyl chloride sample 38. This strongly suggests 
that the treatment had introduced new reactive moieties to the fibre surface, and that 
these new functional groups had enhanced the fibre/matrix interface.  
7.6 Analysis of samples using microscopy and IFSS 
calculations: 1,3-dipolar cycloaddition 75 and 76 
  The final samples to be analysed were the cycloaddition products, both with a 
protected amine 75, and pendant amine 76. It was hypothesised that the introduction 
of the new protected species would have little to no impact on the performance of the 
composite material. Much like the samples prepared by diazonium formation, the 
presence of a protected amine should not enhance IFSS as there is no nucleophilic 
amine present. Visualisation of the sample 75 composites after testing (Figure 104), 
showed this to be true. Although there were instances of matrix cracking at fibre 
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breakage (Figure 104, (a)), there was a large spread in fragment sizes with only subtle 
patterns noted in the matrix under polarised light (b), and significant de-bonding noted 
(c).   
 
Figure 104. Optical microscope images of sample 75 composite coupons tested to 
failure (a) 20 × magnification of a matrix tear, (b) 5 × magnification with fibre 
breaks and fragments highlighted, (c) 20 × magnification showing a matrix tear 
coupled with large de-bonding area 
  When compared to its de-protected counterpart 76 (Figure 105), a higher abundance 
of matrix tears between fibre fragments was noted, some of which were very large 
(Figure 105, (a)). The images revealed much shorter fragments (Figure 105, (b)) than 
those of the previous treatment step, with similar birefringence patterns and de-
bonding features (Figure 105, (c)), to those seen in the untreated, oxidised control 
sample.  
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Figure 105. Optical microscope images of sample 76 composite coupons tested to 
failure (a) 20 × magnification of a matrix tear, (b) 5 × magnification with fibre 
breaks and fragments highlighted, (c) 10 × magnification showing de-bonding 
between fragments 
  Analysis of the fragment length and distribution revealed the same trend seen with 
previous functionalisation methods. While the initial cycloaddition treatment 
introducing the protected amine 75 had resulted in an increase in average fragment 
size (Figure 104), subsequent deprotection 76 had appeared to decrease fragment size 
once again (Figure 105). This trend is highlighted in the fragment distribution plot, 
where sample 75 skews to the right, and 76 (deprotected) skews to the left, possibly 
even more so than the original control sample. 
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Figure 106. Fragment size distribution of samples relative to total 
  Using the fragment data and statistical analysis the average fragment length of the 
functionalised fibres after deprotection (76) were significantly shorter than that of the 
control oxidised sample (Table 31). 
Table 31. Average values calculated from Weibull and SFFT analysis for the 1,3-
dipolar cycloadditon pathway to obtain average IFSS 
 l (μm) lc (mm) 
σ0 
(cN/tex) m 
σf 
(cN/tex) 
τIFSS 
(cN/tex) 
% 
change 
control 560±22 0.747 389.75 3.50 822.61 3.84 - 
75 608±18 0.811 363.27 4.08 672.40 3.07 -20% 
76 482±12* 0.643 387.67 4.32 731.71 3.97 +29% 
      overall 3% 
*statistically significant data 
  The final IFSS values highlighted an even more dramatic change in interface 
performance. A 20% decrease between the control fibres and fibres bearing a 
protected amine (75) was noted (Table 31).  Even though there was only a small 
increase in fragment length after the initial cycloaddition treatment, the calculated 
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interfacial shear strength showed a marked decrease. Attention then turned to the 
contributing factors in the expression of such a low IFSS. From the values in Table 31, 
the combination of a slightly lower characteristic strength σ0 and a slightly higher 
Weibull modulus m than the untreated fibre, resulted in a noticeably lower fibre 
strength at critical length σf. It was proposed that perhaps the fibre treatment (which 
occurred in solution over 5 days at 140 °C) had a cleaning effect on the fibre surface, 
or subtle depreciation of fibre performance, which was then magnified in the 
composite resulting in a large change in IFSS value. 
  However, after deprotection, there was another notable increase (Figure 107). As 
hoped, the deprotection of the amine to reveal a reactive functional group resulted in 
a 29% in IFSS from the initial cycloaddition reaction 75. This adds to the data 
consistent with the introduction of the proposed compounds to the fibre to the fibre 
surface. In contrast to the average fragment data, which was significantly smaller than 
the untreated sample (Table 31), the IFSS was only a fraction higher (3%), than that 
of the control sample. It was thought that due to the decrease in fibre/matrix adhesion 
resulting from the chemical treatments, though effective, was hindered by having to 
overcome the initial decrease in IFSS. Revealing the nucleophilic nitrogen did increase 
the IFSS but overall did not compensate for the loss of IFSS due to fibre cleaning.     
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
Control                         75                              76 
Interfacial shear strength of treated and 
            untreated oxidised fibre
3.97
3.07
3.84
IF
S
S
 c
N
/te
x
 
Figure 107. Final IFSS values from the cycloaddition series 
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Chapter 8. 
Summary 
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8.1  Summary of work completed to date 
   As discussed in all earlier chapters, carbon fibre reinforced composites have been 
recognised for their unparalleled strength-to-weight properties and their contribution 
to next generation high performance materials. However, there are a number of failure 
mechanisms which are performance limiting under high impact. One of the major  
contributors is de-bonding failure at the fibre-matrix interface, an area where little 
progress has been made toward understanding the subtle chemical interactions which 
dictate performance. While there have been a number of oxidising and plasma surface 
treatments performed to enhance the interface performance, there are very few 
examples of compounds being grafted to the CF surface to enhance this parameter. 
Even rarer are examples of utilisation of the abundant graphitic sites such as 
turbostratic carbon to attach new chemical functional group to enhance interfacial 
adhesion.   
  Owing to the lack of examples of carbon fibre graphitic site functionalisation in 
literature, a number of carbon nanomaterial surface modification techniques were 
selected. Each technique was chosen based on the ability to scale-up and synthesise 
starting materials with relative ease, as well as perform the reaction using little to no 
agitation (so as to keep the delicate carbon fibres intact). Five different methods fit the 
requirements (Figure 108): From left to right they are the Bingel reaction, in situ 
nitrene formation, 1,3-dipolar cycloaddition by formation of azomethine ylide, in situ 
diazonium  formation, and N-acylation (defect site functionalisation). 
 
Figure 108. General structures for each of the selected functionalisation strategies  
   Molecules were designed for each functionalisation methodology bearing either an 
XPS detectable moiety to aid in detection, or a free amine to interact with an epoxy 
resin for enhanced adhesion (figure 109). Synthesis and optimisation of the target 
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compounds was undertaken. Owing to the novelty of the functionalisation strategies, 
thorough characterisation of each carbon fibre samples was undertaken after each of 
the chemical treatments. While the Bingel reaction was not appropriate for the 
functionalisation of carbon fibre (due to synthetic difficulties), the results of each 
treatment indicated that each of the other four techniques however, showed varying 
degrees of success. With not only functional groups from each proposed strategy 
detected on the fibre surface, but also excellent retention of important physical 
parameters such as tensile strength and elastic modulus. In some cases, an increase in 
coefficient in friction was noted, which appeared to reflect the successful introduction 
of new surface chemistries. 
 
Figure 109. Proposed chemical structures  
Finally, with a number of analogues prepared bearing a free amine along with their 
respective protected or precursor controls, the effects on fibre/matrix adhesion using 
the Single Fibre Fragmentation Test (SFFT) could be undertaken. Although some of 
the initial functionalisation treatments appeared to decrease adhesion, in every case 
after an amine was made available on the fibre surface (either by grafting or 
deprotection) there was a notable increase in Interfacial Shear Strength, with the 
obvious exception of 89/90 (Figure 110). In conclusion, both graphitic sites and defect 
sites on the carbon fibre surface were successfully utilised to introduce functional 
groups, without the use of oxidative chemistry. Three of the five strategies chosen were 
identified as highly promising in the potential scaling-up of chemical treatment for 
pilot-scale fibre production.  
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Figure 110. IFSS of each of the final products bearing a free amine, and their 
respective controls: (orange) cycloaddition, (green) ortho-diazonium, (red) meta-
diazonium, (blue) N-acylation 
8.2 Future directions 
  With the ground work established for the reaction strategies trialled in this thesis, 
there is much scope for the optimisation, and scaling of synthesis for each of the  
methodologies. The reaction conditions used for the functionalisation of carbon fibre, 
while referenced from the application to carbon nanotubes, could be further optimised 
to determine the minimum and maximum reaction times and concentration of reagents 
to give maximum adhesion (Figure 111). Once optimal conditions have been 
established, the reaction will be scaled to suit the in-line treatment of carbon fibre using 
Deakin’s single tow line enabling production of laminates 
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Figure 111. Visual representation of maximum loading on the carbon fibre surface 
for optimal performance in a composite material (blue) 
  Additionally, owing to the novelty of the chemical treatments as well as the lack of 
thorough surface and interface characterisation available in literature (in terms of 
chemical structure), there are many opportunities for the utilisation of the 
functionalisation techniques outlined in this work to further “probe” the surface. For 
example, by redesigning the molecular structure of the analogues and including 
functional groups which aid in detection for specific techniques, details of the surface 
(and core) chemical structure could be gleaned along with surface coverage of 
functional groups. 
Scaling the process to pilot scale would then involve a number of additional 
optimisation steps, beginning with the scaling of compound synthesis. Utilising 
Deakin’s single tow carbon fibre line (Figure 112), the organic chemistry 
transformations could then be adapted to suit a bath/continuous line process by 
including some application of heat, mild agitation, or slower passes before optimising 
once again to improve speed and energy input.  
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Figure 112. A visual representation of Deakin’s single tow line 
With a number of functionalisation techniques identified as potential candidates for 
next generation chemical surface treatment, and enhanced composite performance, the 
possibilities for further research in this field is vast. 
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Experimental 
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9.1 Chapter 3 experimental 
General chemical experimental 
Thin Layer Chromatography (TLC) was performed using aluminium-backed Merck 
TLC Silica gel 60 F254 plates, and samples were visualised using 254 nm ultraviolet 
(UV) light, and potassium permanganate/potassium carbonate oxidising dip (1:1:100 
KMnO4:K2CO3:H2O w/w).  Column Chromatography was performed using silica gel 
60 (70-230 mesh). All solvents used were AR grade, and those denoted as anhydrous 
were dried using a pressurised dry solvent dispenser. Petroleum spirits refers to the 
fraction boiling between 40-60 °C. 
All 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Jeol 
JNM-EX 270 MHz as indicated. Samples were dissolved in deuterated chloroform 
(CDCl3) with the residual solvent peak used as an internal reference (CDCl3 – δH 7.26 
ppm). Proton spectra are reported as follows: chemical shift δ (ppm), (integral, 
multiplicity (s = singlet, br s = broad singlet, d = doublet, dd = doublet of doublets, t 
= triplet, q = quartet, m = multiplet), coupling constant J (Hz), assignment). 
Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (ATR-
FTIR) measurements were conducted using an Alpha FTIR spectrometer (Bruker 
Optik GmbH, Ettlingen, Germany) equipped with a deuterated triglycine sulfate 
(DTGS) detector and a single-reflection diamond ATR sampling module (Platinum 
ATR QuickSnap™).  The samples were analysed in a thin film (from a chloroform 
solution) from 400 to 3900 wavenumbers and all absorption bands are reported in 
wavenumbers (cm-1). Background spectra of a clean ATR surface were acquired prior 
to each sample measurement using the same acquisition parameters. 
Reactions performed under microwave irradiation were conducted using a CEM 
Discover S-Class Explorer 48 Microwave Reactor. Instrument was operated at a 
frequency of 50/60 Hz under continuous irradiation from 0 - 300 W power. Reactions 
were performed in a 10 mL quartz vessel equipped with an airtight cap. 
Nitrobenzyl azide (2)  
A solution of nitrobenzyl bromide 1 (1.0 g, 4.63 mmol) and sodium 
azide (0.45 g, 6.94 mmol), in acetone/water (10 mL/5 mL), was stirred vigorously at 
room temperature for 16 hours. The mixture was then diluted with a further 20 mL of 
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deionised water and extracted with three 20 mL portions of chloroform, followed by 
drying over MgSO4 and removal of solvent in vacuo. The pale yellow oil was afforded 
in 94% in greater than 95% purity. No further purification was required.228 
 
tert-butyl (2-aminoethyl)carbamate (11) 
1,2-diamino ethane (3.68 mL, 55 mmol), di-tert-butyl dicarbonate 
(4.0 g, 18.33 mmol).  1H NMR spectroscopy analysis showed it to be the desired 
carbamate 11 ( 2.93 g, 99.7%) in > 95% purity which was then used without  further 
purification. 1H NMR (270 MHz, CDCl3): δ = 5.29 (br. s. 1H, NHBoc), 2.99 (m, 2H, 
CH2NH), 2.65 (t, 3JHH = 6.3Hz, 2H, CH2NH), 2.59 (br. s. 2H, NH2), 1.29 (s, 9H, 
C(CH3)3).229 
General carbon fibre functionalisation   
   It was very important that the fibres remain intact during treatment, so a 
methodology was developed using published protocols, instead removing any 
mechanical stirring or agitation and allowing convection to keep the solution in 
motion. The reaction vessel set-up, as described in Figure 3 included a dual-necked 
round bottom flask fitted with a reflux condenser and nitrogen air flow to control 
atmosphere. The vessel could then be heated to a controlled temperature using an oil 
or sand bath (depending on the temperature required). 
   A 15 cm length of carbon fibre was placed in a clean and dry round bottom flask, 
followed by purging with nitrogen gas, and subsequent addition of reagents/heat.  After 
reaction completion the solution was decanted; to ensure the removal of unreacted 
starting materials from the fibre surface, and to aid in detection of relevant moieties, 
the fibres were subjected to a rigorous cleaning procedure. Three solvents of differing 
polarity were chosen to clean the fibre surface to ensure complete dissolution of any 
unbound compounds present (including reaction solvent), finishing the procedure with 
acetone so all residue could be removed under vacuum. So, once the reaction solution 
was decanted from the reaction vessel, the fibres were resuspended and gently swirled 
in chloroform followed by decanting and resuspension (150 mL of chloroform in 
total). These steps were then repeated using ethanol (150 mL) and finally acetone, 
followed by removal of solvent using vacuum filtration (Buchner funnel) and finally 
placing the sample in a clean vial and drying it under reduced pressure for a total of 24 
hours to yield the functionalised product. 
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9.2 chapter 4 experimental 
To process the data using Weibull statistics, the individual tenacity values from each 
data set must be ranked in order from the smallest to largest value. Then, using the 
following equations: 
       
Eqn. 1                                Eqn. 2 
 
Eqn.3 
The two-parameter Weibull probability (P) equation (a), where P is the cumulative 
probability of failure of a carbon fibre at applied tensile strength σ, m is the Weibull 
modulus or shape parameter of the carbon fibre and σ0 is the Weibull scale parameter 
or characteristic stress. P is determined for each point using the median rank method 
(b), where n = no. of sample points and i is the rank. Rearrangement of the probability 
expression to a straight line form allows m and σ0 to be obtained by linear regression 
(Equn.1). 
 The valuable information which can be gleaned from this process are the 
characteristic stress (σ0), describing the strength of a material (N/tex) subjected to 
uniform loadings, and the Weibull modulus or shape parameter (m), which represents 
the spread of data with a lower modulus indicating broader spread. In practical terms, 
the way the analysis is approached is by forming a spread sheet template which can 
handle the data set, and gives a number of individual values and graphs which are of 
interest. The first important piece of information is gained from plotting the ranked 
tensile strength values against their individual P values, alongside a standard curve 
from which tensile values have been allocated (from 0 to 500 in increments of 5), along 
with their exact P values. The importance of stacking these plots is to visualise an 
overlap between the two (Figure 113); if the data does in fact follow a Weibull 
distribution, the tensile curve should both overlap and follow the shape of the 
probability function, which is the case in the following Figure 113 (although outliers 
can be seen here). 
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Figure 113. Probability curve plot to determine Weibull distribution 
Once a definite Weibull distribution has been established for the data set, a 
second graph is plotted (Figure 114). This is achieved by rearrangement of equation 
(a), to give the values ln(σ) (tensile strength) vs ln(-ln(1-P)). By applying a line of best 
fit (and omitting any obvious outliers), the R2, intercept and slope representative of the 
data set. The slope of the graph, in this case 3.72, is equal to the Weibull modulus m. 
The characteristic stress σ0 can then be calculated from the y-intercept and m values.  
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Figure 114. Linear regression plot of tensile data 
  
191 
  
9.3 chapter 5 experimental 
Synthesis of boc-diamine adducts 
General procedure for the mono-boc protection of diamines 
To a solution of diamine (3 equiv.) and CH2Cl2 (100 mL), a solution of di-tert-butyl 
dicarbonate (1 equiv.) and CH2Cl2 (150 mL) was added dropwise over 2 hours. The 
reaction was then stirred for 18 hours. The resulting mixture was transferred to a 
separating funnel where it was washed with saturated aqueous NaCl (5 × 50 mL). The 
organic phase was dried (MgSO4), filtered and solvents removed in vacuo to afford a 
viscous colourless oil.  
 
tert-Butyl (8-aminooctyl)carbamate (25) 
Prepared according to the above general procedure using 
1,6-diamino octane 24 (3.97 g, 27.5 mmol), di-tert-butyl dicarbonate (2.0 g, 9.16 
mmol). 1H NMR spectroscopy analysis showed it to be the desired carbamate 25 
(2.165 g, 97%) in > 95% purity which was then used without further purification. 1H 
NMR (270 MHz, CDCl3): δ= 4.71(br.s. 1H, NHBoc), 2.77 (m, 2H, NH2), 2.59 (t, 2H, 
3JHH = 6.99, 7.29 Hz, CH2NH), 1.36 (s, 9H, C(CH3)3), 1.22 (m, 12H, (CH2)4).230 
 
tert-Butyl (4-aminopropyl)carbamate (56) 
Prepared according to the above general procedure using 1,4-
diamino butane 53 (2.72 mL, 27.5 mmol), di-tert-butyl dicarbonate (2.0 g, 9.16 mmol). 
1H NMR spectroscopy analysis showed it to be the desired carbamate 56 (1.66 g, 96%) 
in > 95% purity which was then used without  further purification. 1H NMR (270 MHz, 
CDCl3): δ = 4.8 (br.s. 1H, NHBoc), 3.07 (m, 2H, CH2NH), 2.67 (t, 2H, 3JHH = 5.94, 
6.48 Hz, CH2NH), 2.16 (br.s. 2H, NH2), 1.48 (m, 4H, (CH2)2), 1.38 (s, 9H, C(CH3)3).231 
 
tert-Butyl (6-aminohexyl)carbamate (57) 
Prepared according to the above general procedure using 1,6-
diamino hexane 54 (3.20 g, 27.5 mmol), di-tert-butyl dicarbonate (2.0 g, 9.16 mmol). 
1H NMR spectroscopy analysis showed it to be the desired carbamate 57 (1.991 g, 
99%) in > 95% purity which was then used without  further purification. 1H NMR (270 
MHz, CDCl3): δ = 4.86 (br.s. 1H, NHBoc) 2.93 (m, 2H, NH2), 2.52 (t, 2H, 3JHH = 6.75, 
7.02 Hz, CH2NH), 1.28 (s, 9H, C(CH3)3), 1.17 (m, 2H, NH2), 1.10 (m, 8H, (CH2)4).230 
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tert-Butyl 2-(2ʹ-(2ʺ-aminoethoxy)ethoxy)ethylcarbamate 
(58) 
Prepared according to the above general procedure using 2 2'-ethylenedioxy bis 
ethylamine 55 (5.35 mL, 36.7 mmol), di-tert-butyl dicarbonate (2.0 g, 9.16 mmol). 1H 
NMR spectroscopy analysis showed it to be the desired carbamate 58 (2.20 g, 97%) in 
> 95% purity which was then used without further purification. 1H NMR (270 MHz, 
CDCl3): δ= 5.12 (br.s. 1H, NHBoc), 3.60 (m, 6H, O(CH2)3), 3.52 (m, 2H, NH2), 3.30 
(m, 4H), 2.86 (t, 2H, 3JHH = 5.13, 4.86, CH2NH), 1.42 (s, 9H, C(CH3)3).230 
 
Synthesis of N-alkylated phenylmethyl esters 
General procedure for N-alkylation of mono-boc diamines 
To a solution of mono-boc diamine (1 equiv.) and anhydrous tertrahydrofuran (15 mL), 
triethyl amine (1.5 equiv.) was added and the mixture allowed to stir and heat to 70°C. 
Benzyl bromoacetate (1.5 equiv.) was added to the mixture, a reflux condenser 
attached and the reaction was then stirred for 18 hours. The resulting mixture was then 
transferred to a separating funnel and diluted with ethylacetate. This was then washed 
with saturated NaCl solution (5 × 20 mL), the organic phase separated and dried 
(MgSO4). The solvent was then removed in vacuo. This was followed by column 
chromatography using the solvent system specified, to afford the pure compound. 
 
Glycine, N-[2-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]ethyl]-, phenylmethyl ester 
(61) 
Prepared according to the above general procedure using 
11 (1.81 g, 7.31 mmol), triethylamine (1.53 mL, 11.0 
mmol), benzyl bromoacetate (1.74 mL, 11.0 mmol). Purification by silica gel column 
chromatography using 70% Ethyl acetate 30% Petroleum spirit solution and the 
resulting pale yellow oil was confirmed to be the desired phenylmethyl ester 61 (1.453 
g, 65%). 1H NMR (270 MHz, CDCl3): δ= 7.34 (m, 5H, Ph), 5.15 (s, 2H, PhCH2), 5.01 
(br.s. 1H, NH), 3.43 (s, 2H, BnCOOCCH2), 3.18 (m, 2H, CH2NH),  2.72 (t, 2H, 3JHH 
= 5.94, 5.40, CH2NH), 1.64 (br.s. 1H, NH), 1.42 (s, 9H, C(CH3)3).232 
 
Glycine, N-[4-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]butyl]-, phenylmethyl ester 
(62) 
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Prepared according to the above general procedure 
using 2 (1.650 g, 8.76 mmol), triethylamine (1.83 mL, 
13.15 mmol), benzyl bromoacetate (2.08 mL, 
13.15mmol). Purification by silica gel column chromatography using 20% Ethyl 
acetate 80%  Petroleum spirit solution and the resulting colourless oil was confirmed 
to be the desired phenylmethyl ester (2.607 g, 88%). 1H NMR (270 MHz, CDCl3): δ= 
7.33 (m, 5H, Ph), 5.11 (s, 2H, PhCH2), 4.55 (br.s. 1H, NH), 3.57 (s, 2H, 
BnCOOCCH2), 3.10 (m, 2H, CH2NH), 2.69 (m, 2H, CH2NH), 1.63 (br.s, 1H, NH), 
1.42 (s, 9H, C(CH3)3), 1.24 (m, 4H, (CH2)2).233 
 
Glycine, N-[6-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]hexyl]-, phenylmethyl ester 
(63) 
Prepared according to the above general procedure 
using 3 (1.981 g, 9.20 mmol), triethylamine (1.92 mL, 13.80 mmol), benzyl 
bromoacetate (2.18 mL, 13.80 mmol). Purification by silica gel column 
chromatography using 70% Ethyl acetate 30% Petroleum spirit solution and the 
resulting pale yellow oil was confirmed to be the desired phenylmethyl ester (0.890 g, 
27%). 1H NMR(270 MHz, CDCl3): δ= 7.32 (m, 5H, Ph), 5.46 (s, 2H, PhCH2), 4.53 
(br.s. 1H, NH), 3.42 (s, 2H, BnCOOCCH2), 3.07 (m, 2H, CH2NH), 2.69 (t, 2H, 3JHH = 
7.02, CH2NH)  1.24 (m, 8H, (CH2)3, 1.74 (br.s. 1H, NH),), 1.42 (s, 9H, C(CH3)3).234  
 
Glycine, N-[8-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]octyl]-, phenylmethyl ester 
(64) 
Prepared according to the above general 
procedure using 4 (1.730 g, 7.08 mmol), triethylamine (1.48 mL, 10.62 mmol), benzyl 
bromoacetate (2.69 mL, 10.62 mmol). Purification by column chromatography using 
55% ethyl acetate 45% petroleum spirit solution and the resulting pale yellow oil was 
confirmed to be the desired phenylmethyl ester (1.549 g, 56%). Rf 0.29 ethyl acetate/ 
petroleum ether 40-60oC (50/50). ν(max) cm -1: 3405 (N-H), 2928 (aromatic C-H), 1740 
(C=O), 1509 (aliphatic C-H) 1172 (tbu). 1H NMR (270 MHz, CDCl3): δ=7.33 (m, 5H, 
Ph), 5.14 (s, 2H, PhCH2), 4.54 (br.s. 1H, NH), 3.42 (s, 2H, BnCOOCCH2), 3.07 (m, 
2H, CH2NH), 2.56 (t, 2H, 3JHH = 7.02, 7.29 Hz, CH2NH), 1.75 (br.s. 1H, NH), 1.42 (s, 
9H, C(CH3)3), 1.26 (m, 12H, (CH2)6). HRMS, m/z predicted for C22H36N2O4[MH]+ = 
393.27478 found: 393.27453. 
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5,8-Dioxa-2,11-diazatridecanoic acid, 1-(1,1-dimethylethyl) 13-(phenylmethyl) ester 
(65) 
Prepared according to the above general 
procedure using 5 (2.180 g, 8.78 mmol), triethylamine (1.83 mL, 13.17 mmol), benzyl 
bromoacetate (2.08 mL, 13.17 mmol). Purification by column chromatography using 
40% ethyl acetate 60% petroleum spirit solution and the resulting pale yellow oil was 
confirmed to be the desired phenylmethyl ester (2.601 g, 75%). 1H NMR(270 MHz, 
CDCl3): δ= 7.32 (m, 5H, Ph), 5.11 (s, 2H, PHCH2), 5.04 (br.s. 1H, NH), 3.67 (s, 2H, 
CH2O), 3.58 (m, 2H, CH2O), 3.49 (m, 2H, CH2O), 3.44 (m, 2H, CH2O), 3.25 (m, 2H, 
CH2NH), 2.96 (t, 2H, 3JHH = 5.40, CH2NH), 1.42 (s, 9H, C(CH3)3).208 
 
Synthesis of carboxylic acids 
General procedure for hydrogenation of N-alkylated phenylmethyl esters 
To a solution of N-alkylated phenylmethyl ester and methanol (160 mL) in a two-
necked round bottom flask, palladium on activated carbon (10% wt/wt) was added and 
washed into the mixture completely using a little methanol. The flask was fitted with 
one vacuum line and H2 line, and after the air was completely removed from the 
reaction was allowed to fill with H2 atmosphere and stirred overnight. The palladium 
was removed through a celite plug under vacuum filtration and the solvent removed in 
vacuo to afford the pure solid. 
 
Glycine, N-[2-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]ethyl]-, acetic acid (68) 
Prepared according to the above general procedure using 61 
(1.46 g, 4.72 mmol), Pd/C (0.15 g). The white solid afforded 
was confirmed to be the desired product (0.94 g, 92%). 1H NMR(400MHz, DMSO-
d6): δ= 3.44 (br.s. 2H, CH2COOH), 3.15 (m, 2H, CH2NH), 2.82 (m, 2H, CH2NH), 1.38 
(s, 9H, C(CH3)3). 13C NMR(400MHz, DMSO-d6): δ= 167.6, 156.17, 78.64, 50.38, 
47.9, 40.29, 37.1, 28.78 ppm.235 
 
Glycine, N-[4-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]butyl]-, acetic acid (69) 
Prepared according to the above general procedure using 62 
(2.61 g, 6.86 mmol), Pd/C (0.26 g). The white solid afforded 
was confirmed to be the desired acid by 1H NMR (0.86 g, 50.6%). 1H NMR(400MHz, 
DMSO-d6): δ= 3.48 (br.s. 1H, NHCO), 3.39 (s, 2H, CH2COOH), 2.89 (m, 2H, 
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CH2NH), 2.61 (m, 2H, CH2NH), 1.37 (s, 9H, C(CH3)3), 1.34 (m, 4H, CH2)2). 13C 
NMR(400MHz, DMSO-d6): δ= 172.81, 156.15, 77.87, 55.31, 53.94, 40.08, 28.84, 
27.63, 24.99ppm.236 
 
Glycine, N-[6-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]hexyl]-, acetic acid (70) 
Prepared according to the above general procedure using 
63 (1.06 g, 2.91 mmol), Pd/C (0.11 g). The off white 
solid afforded was confirmed to be the desired acid by 1H NMR (0.753 g, 2.74 mmol, 
94%). 1H NMR(400MHz, DMSO-d6): δ= 3.46 (br.s. 1H, NHCO), 3.13 (s, 2H, 
CH2COOH), 2.88 (m, 2H, CH2NH), 2.76 (m, 2H, CH2NH), 1.54 (m, 4H, (CH2)2), 1.37 
(s, 9H, C(CH3)3), 1.24 (m, 4H, CH2)2). 13C NMR(400MHz, DMSO-d6): δ= 166.96, 
156.15, 50.27, 47.16, 40.08, 29.82, 28.86, 26.35, 26.26, 26.05ppm.236  
 
Glycine, N-[8-[[(1,1ʹ-dimethylethoxy)carbonyl]amino]octyl]-, acetic acid (71) 
Prepared according to the above general procedure 
using 64 (1.45 g, 3.69 mmol), Pd/C (0.145 g). The 
off white solid afforded was confirmed to be the desired acid by 1H NMR (1.028 g, 
92%). 1H NMR(400MHz, DMSO-d6): δ= 6.80 (br.s. 1H, NHCO), 3.18 (s, 2H, 
CH2COOH), 2.88 (m, 2H, CH2NH), 2.78 (m, 2H, CH2NH), 1.55 (m, 4H, (CH2)2), 1.37 
(s, 9H, C(CH3)3), 1.23 (m, 8H, CH2)2). 13C NMR(400MHz, DMSO-d6): δ= 167.23, 
156.14, 79.70, 50.06, 47.20, 40.08, 30.02, 29.05, 28.84, 26.72, 26.49, 26.01ppm.236 
 
5,8-Dioxa-2,11-diazatridecanedioic acid, 1-(1,1-dimethylethyl) ester (72) 
Prepared according to the above general procedure 
using 65 (0.38 g, 0.95 mmol), Pd/C (0.04 g). The off 
white solid afforded was confirmed to be the desired acid by 1H NMR (0.243 g, 0.79 
mmol, 83%). 1H NMR(400MHz, DMSO-d6): δ= 3.46 (m, 6H, (CH2O)3), 3.36 (m, 2H, 
CH2O), 3.05 (m, 2H, CH2NH), 2.82 (m, 2H, CH2NH), 2.50 (br.s. 1H, NH), 1.37 (s, 
9H, C(CH3)3). 13C NMR(400MHz, DMSO-d6): δ= 173.16, 156.19, 78.15, 69.96, 
55.86, 53.67, 40.06, 28.78ppm236. 
9.4 Chapter 6 experimental 
tert-Butyl 2-[2-[2-[4-nitro-3-
(trifluoromethyl)phenylamino]ethoxy]ethoxy]ethylcarbamate (87) 
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Prepared according to the above general 
procedure using a solution of 58 (1.09 g, 7.61 
mmol), 5-Fluoro-2-nitrobenzotrifluoride 86 
(0.71 mL, 5.07 mmol), and DMF (8 mL) was added to a quartz microwave vessel with 
a stirrer bar, and fitted with a pressure cap. The solution was stirred under 200W 
microwave irradiation at 100 °C for 80 minutes. The crude mixture was then diluted 
with ethyl acetate and washed with three portions of saturated sodium chloride solution 
(15 mL x 3) to remove any traces of residual DMF, followed by drying over MgSO4, 
and removal of ethyl acetate in vacuo. The crude product was purified by column 
chromatography (2:3 PET spirits: ethyl acetate), to afford 87 as a bright yellow oil 
(1.627g, 74%)  Rf 0.17. 1H NMR (270 MHz, CDCl3): δ = 8.01(d, 3JHH = 8.91, 1H, 
ArH), 6.93 (br.s, 1H, ArH), 6.66 (m, 1H, ArH), 4.92 (br.s, 1H, NHCOO), 3.72 (m, 2H, 
CH2CO), 3.63 (s, 4H, (CH2)2CO), 3.57 (m, 2H, CH2CO), 3.53 (br.s, 1H, NHAr), 3.41 
(t, 3JHH = 4.86, 2H, CH2NH), 3.30 (m, 2H, CH2NH), 1.43 (s, 9H, (CH3)3). ν(max) cm -1: 
3364 (N-H), 2975-2873 (-CH2-, -CH3), 1693 (ester C=O), 1611 (N=O), 1515 (aromatic 
C=C-C), 1327 (N=O), 1270 (C-NH), 1150 (C-F, C-O-C). HRMS, m/z predicted for 
C18H26F3N3O6 [MH]+ = 438.18465 found: m/z 438.18423. 13C NMR (125 MHz, 
CDCl3): δ = 156.01, 151.98, 136.44, 129.14, 126.98 (q), 122.32 (q), 112.65, 111.33, 
79.48, 70.51, 70.18, 68.86, 42.98, 40.33, 28.41. 19F NMR (470 MHz, CDCl3): - 60.27. 
tert-buyl 2-[2-[2-[4-amino-3-
(trifluoromethyl)phenylamino]ethoxy]ethoxy]ethylcarbamate (88) 
 A solution of 87 (3.06 g, 7.00 mmol) and 
palladium on activated carbon (0.305 g, 10% w/w) 
in methanol (200 mL) was stirred at room 
temperature under a hydrogen atmosphere for 16 hours. The palladium was then 
removed by vacuum filtration through a celite plug, followed by purification through 
column chromatography (1:1 PET spirits: Ethyl acetate) to yield compound 88 a dark 
brown oil (2.067 g, 68 %) Rf 0.26. 1H NMR (270 MHz, CDCl3): δ = 6.67 (m, 3H, 
ArH), 5.00 (br.s, 1H, NHCOO), 3.67 (m, 2H, CH2CO), 3.61 (s, 4H, (CH2O)2), 3.52 
(m, 2H, CH2CO), 3.30 (m, 2H, CH2NH), 3.23 (m, 2H, CH2NH), 1.42 (s, 9H, (CH3)3). 
ν(max) cm -1: 3364 (N-H), 2975-2873 (-CH2-, -CH3), 1693 (ester C=O), 1515 (aromatic 
C=C-C), 1270 (C-NH), 1150 (C-F, C-O-C). HRMS (ESI, m/z) calculated for 
[C18H28F3N3O4 + H]+ 408.21047 found: m/z 408.21092. 13C NMR (125 MHz, CDCl3): 
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δ = 155.98, 140.45, 136.10, 126.03, 123.86, 119.28, 19F NMR (470 MHz, CDCl3): - 
62.54. 
tert-butyl (2-(2-(2-((4-nitro-2-
(trifluoromethyl)phenyl)amino)ethoxy)ethoxy)ethyl)carbamate (92) 
Prepared according to the above general procedure 
using a solution of 58 (2.01 g, 8.08 mmol), 2-
Fluoro-5-nitrobenzotrifluoride 91 (0.555 mL, 4.04 
mmol), and DMF (3 mL) was added to a quartz microwave vessel with a stirrer bar, 
and fitted with a pressure cap. The solution was stirred under 200 W microwave 
irradiation at 100 °C for 80 minutes. The crude mixture was then diluted with ethyl 
acetate and washed with three portions of saturated sodium chloride solution (15 mL 
x 3) to remove any traces of residual DMF, followed by drying over MgSO4, and 
removal of ethyl acetate in vacuo. The crude product was purified by column 
chromatography (1:1 PET spirits: ethyl acetate), to afford a yellow oil 92 (1.629 g, 
92%)  Rf 0.31. 1H NMR (270 MHz, CDCl3): δ = 8.37 (d, 3JHH = 2.7, 1H, ArH), 8.23 
(m, 1H, ArH), 6.71 (d, 3JHH = 9.18, 1H, ArH), 5.54 (br.s, 1H, NHCOO), 4.88 (br.s, 1H, 
NHAr), 3.73 (t, 4H, (CH2)2CO), 3.57 (m, 2H, CH2CO), 3.53 (br.s, 1H, NHAr), 3.41 (t, 
3JHH = 4.86, 2H, CH2NH), 3.30 (m, 2H, CH2NH), 1.43 (s, 9H, (CH3)3). ν(max) cm -1: 
3440 (N-H), 2977-2873 (-CH2-, -CH3), 1706 (ester C=O), 1619 (N=O), 1538 (aromatic 
C=C-C), 1320 (N=O), 1280 (C-NH), 1157 (C-F, C-O-C). HRMS (ESI, m/z) calculated 
for C18H26F3N3O6 [Na]+ = 460.16659 found: m/z 460.16731: 13C NMR (125 MHz, 
CDCl3): δ = 155.93, 150.06, 136.53, 129.05, 123.89 (q, J3C-F= 5.00), 123.68 (q, J1C-
F=271.25), 112.37 (q, J2C-F=31.25), 111.05, 79.09, 70.36, 70.21, 70.10, 68.31, 43.00, 
40.19, 28.27: 19F NMR (470 MHz, CDCl3): δ = -64.39 
tert-buyl 2-[2-[2-[4-amino-2-
(trifluoromethyl)phenylamino]ethoxy]ethoxy]ethylcarbamate (93) 
Prepared according to the above general procedure 
using a solution of 92 (0.28 g, 0.63 mmol) and 
palladium on activated carbon ( 0.03 g, 10% w/w) in ethyl acetate (200 mL) was stirred 
at room temperature under a hydrogen atmosphere for 16 hours. The catalyst was then 
removed by vacuum filtration through a celite plug, followed by purification by 
column chromatography (1:1 PET spirits: ethyl acetate) to yield a dark orange/brown 
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oil 93 (0.254 g, 98%) Rf 0.26. 1H NMR (270 MHz, CDCl3): δ = 6.82 (d, 3JHH = 2.7, 
1H, ArH), 6.76 (m, 1H, ArH), 6.58 (d, 3JHH = 8.64, 1H, ArH), 5.00 (br.s, 1H, NHCOO), 
3.66 (m, 2H, CH2CO), 3.57 (s, 4H, (CH2O)2), 3.48 (m, 2H, CH2CO), 3.25 (m, 4H, 
CH2NH), 1.38 (s, 9H, (CH3)3). ν(max) cm -1: 3432-3355 (N-H), 2975-2871 (-CH2-, -
CH3), 1700 (ester C=O), 1519 (aromatic C=C-C), 1244 (C-NH), 1145-1102 (C-F, C-
O-C). HRMS (ESI, m/z) calculated for C18H28F3N3O4 [MH]+ = 408.21047 found: m/z 
408.21189: 13C NMR (125 MHz, CDCl3): δ = 156.04, 138.81, 136.81, 125.98, 123.81, 
120.61, 115.06 (q, J1C-F=29.00), 114.25, 113.81 (q, J2C-F=5.63), 79.135, 70.18, 69.33, 
43.97, 40.29, 28.35: 19F NMR (470 MHz, CDCl3): δ = -63.11 
tert-buyl 2-(2-(2-(4-benzamido-2-
(trifluoromethyl)phenylamino)ethoxy)ethoxy)ethylcarbamate (96) 
Prepared according to the above general 
procedure using a solution of 93 (0.18 g, 0.43 
mmol), triethyl amine (0.091 mL, 0.65 
mmol) and benzoyl chloride 94 (0.050 mL, 0.43 mmol) in chloroform (3 mL) was 
stirred at 0°C for 5 hours. The crude reaction mixture was then washed with 3 equal 
portions of saturated sodium chloride solution (3 x 50 mL), dried over MgSO4, and 
solvent removed in vacuo. Purification was undertaken using column chromatography 
(1:1 PET spirits: ethyl acetate, 0.25% NEt3) and the desired product 96 was obtained 
in high yield (0.187 g, 85%) Rf 0.27. 1H NMR (270 MHz, CDCl3): δ = 8.51 (br. s, 1H, 
ArNHCOO), 7.82 (m, 2H, ArH), 7.63 (m, 2H, ArH), 7.41 (m, 4H, ArH, ArNH), 6.63 
(d, 3JHH = 9.18, 2H, ArH), 5.03 (br. s, 1H, NHCOO), 3.67 (t, 3JHH = 5.13, 2H, CH2CO), 
3.57 (m, 4H, (CH2O)2), 3.45 (t, 3JHH = 5.13, 2H, CH2CO), 3.25 (m, 4H, (CH2NH), 1.38 
(s, 9H, (CH3)3). ν(max) cm -1: 3445-3312 (N-H), 2975-2873 (-CH2-, -CH3), 1693 (ester 
C=O), 1515 (aromatic C=C-C), 1270 (C-NH), 1150 (C-F, C-O-C). HRMS (ESI, m/z) 
calculated for C25H33F3N3O5[MH]+ = 512.23668 found: m/z 512.23677: 13C NMR 
(125 MHz, CDCl3): δ = 166.09, 156.09, 142.84, 134.66, 131.61, 128.53, 127.45, 
126.62, 125.81, 123.64, 120.10 (q, J2C-F=5.42), 113.64 (q, J1C-F=29.62), 112.52, 79.25, 
70.31, 70.21, 43.29, 40.29, 28.35: 19F NMR (470 MHz, CDCl3): δ =-63.40 
  
199 
  
 
10
4 
Tr
ea
tm
en
t C
 
H
Cl
, N
aO
H
 
1,
4-
di
ox
an
e 
H
2O
r.t
., 
16
 h
ou
rs
 
H
2O
, 
A
ce
to
ne
 
10
0 
Tr
ea
tm
en
t 1
 
H
Cl
, N
aO
H
 
1,
4-
di
ox
an
e 
H
2O
r.t
., 
16
 h
ou
rs
 
H
2O
, A
ce
to
ne
 
10
3
N
on
e 
t-b
ut
yl
 n
itr
ite
 
o-
D
CB
, 
M
eC
N
50
 °C
, 2
4 
ho
ur
s 
D
CM
, 
A
ce
to
ne
, 
Et
ha
no
l 
10
2 
N
on
e 
t-b
ut
yl
 n
itr
ite
 
o-
D
CB
, 
M
eC
N
50
 °C
, 2
4 
ho
ur
s 
Ri
ns
e 
on
ly
 
10
1 
N
on
e 
N
on
e 
o-
D
CB
, 
M
eC
N
50
 °C
, 2
4 
ho
ur
s 
D
CM
, 
A
ce
to
ne
, 
Et
ha
no
l 
99
 
N
on
e 
t-b
ut
yl
 n
itr
ite
, 
an
ili
ne
 1
6 
o-
D
CB
, 
M
eC
N
50
 °C
, 2
4 
ho
ur
s 
D
CM
, 
A
ce
to
ne
, 
Et
ha
no
l 
C
on
tr
ol
 
N
on
e 
N
on
e 
N
on
e 
N
on
e 
N
on
e 
Tr
ea
tm
en
t 
Pr
ev
io
us
 
tre
at
m
en
ts
 
Re
ag
en
ts
 
So
lv
en
t 
Co
nd
iti
on
s 
Cl
ea
ni
ng
 
 
 
Ta
bl
e 
32
. S
um
m
ar
y 
of
 sa
m
pl
e 
pr
ep
ar
at
io
n 
fo
r c
he
m
ic
al
 a
na
ly
si
s, 
m
et
a-
di
az
on
iu
m
 
tr
ea
tm
en
t 
a  o
-D
C
B
/M
eC
N
 =
 1
,2
-d
ic
hl
or
ob
en
ze
ne
/a
ce
to
ni
tr
ile
, 
2;
1,
 r
es
pe
ct
iv
el
y 
  
200 
  
9.5 Chapter 7 experimental 
   The first step in the preparation of composite samples for SFFT was the design of 
moulds with the correct dimensions for the elongation procedure. With the work that 
had been done previously within the group, a positive aluminium mould had been cut 
using very specific dimensions highlighted in Figure 115. Six individual aluminium 
moulds had been fixed to a wooden panel using high strength glue, and additional 
panels fixed around the mould to create a square well with which a negative (master) 
mould could be synthesised (Figure 115).  
 
 
Figure 115. The desired dimensions of the final single fibre composites (made into a 
metal mould), and the structure of the master mould including 6 dog-bone moulds   
  Following manufacturer specifications, two negative moulds were then made using a 
silicone resin as the cured product was known to be both heat stable (when used for 
composite curing), and flexible so composite pieces could be easily removed from the 
material. First, 300 g of silicone resin (Dalchem Silastomer P-40) was carefully 
weighed by adding to two separate plastic cups using a wooden spatula. Then, the  
manufacturer supplied catalyst was weighed (10% w/w relative to resin according to 
manufacturer’s specifications) and stirred through the resin thoroughly to ensure an 
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even distribution. Owing to the high viscosity of the mixture, a large amount of air was 
trapped in the solution during mixing, so degassing the sample was a critical step to 
achieve a smooth sample. This was achieved by placing the cups containing the resin 
mixture under reduced pressure. The pressure had to be strictly controlled to allow gas 
movement out of the sample, while preventing overflow of mixture from the cups. 
After 60 minutes of degassing, the resin was then poured into the positive mould, with 
care taken to ensure all gaps around the aluminium were properly filled. The sample 
was then degassed a second time to allow any remaining bubbles to move to the surface 
of the sample, maximising uniformity of the resin. 
  The resin was then pre-cured for 24 hours at room temperature, followed by a post-
cure cycle at 70 °C under vacuum at 0 bar, for 12 hours. The wooden mould was then 
disassembled and the silicon mould carefully removed from the aluminium pieces to 
keep the negative mould intact. This process was then repeated a second time to give 
two silicone negative moulds for the synthesis of single fibre composites (Figure 116). 
 
Figure 116. Silicone mould with dog-bone shaped indents for the formation of single-
fibre composites 
9.6 Single fibre composite formation 
  With negative moulds available, and a number of treated carbon fibres in hand (from 
previous chapters), the next step was to prepare single fibre composites in order to 
mimic the behaviour of fibres in a composite material. It was determined that six 
individual composites would give a representative performance in terms of fibre 
adhesion, accounting for amount of time required to prepare and analyse each sample.  
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  The silicone mould had been made such that a small indent at either end of the dog-
bone shape accommodated the individual fibre in a 90° orientation and at the centre of 
the sample however, placing individual delicate carbon fibres across each of the 
silicone moulds proved to be a very difficult task. It was important that the fibres not 
only hung down the centre of each mould, but that they were kept under constant 
tension so that they were kept straight while the resin cured. The pre-tension of the 
fibres was also very important parameter which could affect the point of crack 
saturation; a slackened fibre within a matrix would take a higher degree of axial strain 
to begin the fragmentation process. For this purpose, small pre-tension clips which 
weighed approximately 450 – 490 mg were attached to either end of the fibres as they 
were carefully draped over the silicone mould (Figure 117). Once six individual pre-
tensioned fibres were mounted, epoxy resin RIM935 was then mixed with hardener 
RIM937 in a 5:2 by weight ratio, and air bubbles removed under reduced pressure to 
remove voids. The resin mixture was then poured carefully into each of the six moulds, 
taking care to immerse the fibres fully, before allowing the samples to cure at room 
temperature for 48 hours, and further post-cured at 100 °C for 12 hours 
 
Figure 117. Preparation of composites in silicone mould using single fibres and 
pretension clamps 
  Upon careful removal of the cured composited from the mould, the next step was to 
grind and polish the sample to the approximate testing dimensions, with optimal 
transparency. The samples were first ground down to approximately 2 mm thickness, 
using a bench-top rotating sander equipped with 1200 grit sand paper and a small 
faucet to clean the sample while grinding. Care was taken to not only ensure a flat and 
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even surface, but to grind evenly from both sides to keep the fibre central to the 
composite. 
  Polishing was then undertaken to remove surface scratches and fogginess introduced 
by the grinding step. Using a Tegrapol circular polishing machine with a cloth disc, 
the samples were polished first using a solution of 9 Pm diamond microbeads in 
ethanol to remove the majority of scratches and yield a uniform surface on both sides. 
Once the surface finished was deemed satisfactory, 3 Pm diamond microbeads were 
used to obtain maximum transparency. The final samples were between 2.0 and 1.5 
um in thickness, and a final test coupon with dimensions of 25 mm × 5 mm × 2 mm. 
   
Figure 118. (left) composite before grinding and polishing, (right) after complete 
sample preparation  
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This chapter describes all additiona l relevant data, syntheses, plots and figures 
which contribute to the thesis story, but do not appear in the body of the text.  
10.1 Expanded synthesis and optimisation azide synthesis 
As discussed in Chapter 3, the synthesis of molecules for attachment to the carbon 
fibre surface from in situ formation of nitrenes was undertaken. However, although the 
simple synthesis of a compound bearing a nitro XPS tag was successful, this was not 
the case with “functional” analogues bearing a pendant amine. This section describes 
the work undertaken toward the synthesis of azides with the inclusion of a reactive 
amine to enhance fibre-matrix adhesion using this protocol. The first synthetic 
pathway proposed for the introduction of a pendant amine moiety used simple linear 
diol compounds as starting materials. A general target compound and surface bound 
analogue was proposed (Figure 119), with one end of the molecule containing an azide 
which could undergo nitrene generation, and a free amine which could theoretically 
react with the epoxy resin.  
 
Figure 119. Proposed design for functional analogue using in situ generated nitrene 
The synthesis of three compounds of differing length and polarity were attempted  
following the synthetic pathway outlined in Scheme 1. After unsuccessful attempts to 
mono-protect diols 105 and 106 using silyl ethers, the following synthesis was 
designed to react at both ends of the compound, and install asymmetry at the last step. 
The di-tosylation reactions were performed using three equivalents of tosyl chloride 
108, and one equivalent of diol in pyridine at 0 °C (Scheme 29). After 3 hours, the 
mixture was quenched with concentrated HCl followed by purification. 
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Scheme 29. Synthesis of linear azides for in situ nitrene formation reagents and 
conditions (i) TsCl (108), Pyridine, 0 °C, 3 hrs (70-83 %); (ii)  NaN3 (112), 
DMF(anhydrous), r.t 16 hrs (69-99 %); (iii) PPh3 (116), HCl, diethyl ether: H2O, 0 
°C to r.t. 5 hrs (4-65 %*) 
The next step for each compound was to attach azides to each end using the newly 
introduced tosyl alcohol as a leaving group. Using a ten-fold excess of sodium azide 
112 in DMF at reflux, followed by work-up and column chromatography, gave each 
of the di-azide compounds in moderate to excellent yield. 
The final step however, proved to be very troublesome. Using the Staudinger reaction, 
literature described the mono-reduction of di-azides to yield an amine at one end of 
the compound.237 As such, the di-azides were treated with 5% HCl in a 1:1 mixture of 
ethyl acetate and diethyl ether was stirred in a round bottom flask at 0°C. Triphenyl 
phosphine 116 was added slowly, the reaction mixture warmed to room temperature, 
and stirred for 16 hours. The crude mixture was then added to a separating funnel, the 
organic phase decanted, the acidic aqueous phase washed with three equal portions of 
dichloromethane, and the combined organics discarded. The aqueous phase was then 
basified to pH 14 using concentrated KOH. This was then extracted using five portions 
of ethyl acetate:methanol (10:1), dried over MgSO4, and solvent removed in vacuo to 
afford a crude material. 
Although there was evidence of mono-reduction occurring, the removal of residual 
PPh3 was incredibly problematic, with column chromatography proving to be fruitless 
in attemps to isolate any pure material. Several attempts were made to synthesise the 
desired products using Staudinger protocol but low crude yields and residual 116 led 
me to abandon this pathway in pursuit of a different molecular design. 
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1,8-bis(4-methylbenzenesulfonate) (109) 
1,8- octanediol 105 (0.40 g, 2.74 mmol), p-toluenesulfonic acid 108 (1.35 g, 7.11 
mmol). The crude product was purified by filtration immediately after the quenching 
step to afford a white powder 109 (0.93 g, 73%) in> 95% purity. 1H NMR (270 MHz, 
CDCl3): δ = 7.77 (d, 3JHH = 8.37, 4H, Ar-H), 7.33(d, 3JHH = 8.64, 4H, Ar-H),  3.98 (t, 
3JHH = 6.48, 4H, (SO3CH2)2), 2.43 (s, 6H, (CH3)2), 1.59 (m, 4H, (CH2)2), 1.22 (m, 8H, 
(CH2)4).238 
1,12-bis(4-methylbenzenesulfonate) (110) 
1,12- dodecanediol 106 (0.40 g, 1.98 mmol), p-toluenesulfonyl chloride 108 (0.97 g, 
5.14 mmol). After quenching, the crude product was extracted into chloroform and 
washed three times with equal portions of saturated sodium chloride solution, dried 
over MgSO4, and solvent removed in vacuo. The crude material was then purified by 
column chromatography (100% CHCl3) to afford the desired sulfonate white semi 
solid 110 (0.84 g, 83%). 1H NMR (270 MHz, CDCl3): δ = 7.74 (d, 3JHH = 8.1, 4H, Ar-
H), 7.30 (d, 3JHH = 8.1, 4H, Ar-H), 3.97 (t, 3JHH = 6.48, 4H, (SO3CH2)2), 2.40 (s, 6H, 
(CH3)2), 1.58 (m, 4H, (CH2)2), 1.15 (m, 16H, (CH2)4).239 
2,2ʹ-[oxybis(2,1-ethanediyloxy)]bis-,1,1ʹ(4-methylnezenesulfonate) (111) 
A solution of tetraethylene glycol 107 (1.0 mL, 5.79 
mmol), and p-toluenesulfonyl chloride 108 (3.31 g, 17.37 mmol) in tetrahydrofuran 
(20 mL) was stirred in a flask at 0°C. A second solution of potassium hydroxide in 
tetrahydrofuran: water (10 mL: 10 mL) was added to the first solution dropwise, over 
one hour. The reaction mixture was then allowed to warm to room temperature, and 
stirred a further 15 hours. The crude product was then diluted with a mixture of 
diethylether: ethylacetate (20 mL: 10 mL), washed with three equal portions of 
saturated sodium chloride solution, and dried over MgSO4. Column chromatography 
was undertaken to purify the crude mixture (1:1 PET spirits: Ethyl acetate), yielding a 
yellow oil 111 (2.05 g, 70%). 1H NMR (270 MHz, CDCl3): δ = 7.74 (d, 3JHH = 8.64, 
4H, Ar-H), 7.29 (d, 3JHH = 8.1, 4H, Ar-H), 4.11 (m, 4H, (SO3CH2)2), 3.63 (m, 4H, 
(CH2O)2), 3.52 (s, 8H, (CH2O)4), 2.40 (s, 6H, (CH3)2).240 
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1,8-diazidooctane (113) 
1 (0.50 g, 1.1 mmol), NaN3 (0.72 g, 11.01 mmol) and DMF (2 mL). Column 
chromatography performed using a 2.5% ethyl acetate, 97.5% PET spirits solution to 
afford a yellow oil (0.15 g , 69%). 1H NMR (270 MHz, CDCl3): δ = 3.24 (t, 3JHH = 
6.75, 7.02, 4H, (CH2N3)2),  1.58 (m, 4H, (CH2)2), 1.32 (m, 8H, (CH2)4).241   
1,12-diazidododecane (114) 
2 (0.764 g, 1.50 mmol), NaN3 (1.068 g, 16.43 mmol) and DMF (2 mL). Column 
chromatography performed using a 5% ethyl acetate, 95% PET spirits solution to 
afford a yellow oil (0.401 g , 99%). 1H NMR (270 MHz, CDCl3): δ = 3.23 (t, 3JHH = 
7.02, 6.75, 4H, (CH2N3)2),  1.58 (m, 4H, (CH2)2), 1.26 (m, 16H, (CH2)8)241. 
Tetraethylene glycol bisazide (115) 
3 (2.05 g, 4.07 mmol), NaN3 (2.65 g, 40.75 mmol) and DMF (4 mL). Column 
chromatography performed using a 5% ethyl acetate, 95% PET spirits solution to 
afford a yellow oil (0.721 g, 73%). 1H NMR (270 MHz, CDCl3): δ = 3.64 (m, 12H, 
(CH2O)6),  3.35 (m, 4H, (CH2N3)2).  
10.2 Redesign of complex azides for attachment from in situ 
generation of nitrene 
With the synthesis of linear azides bearing terminal amines failing at the final synthetic 
step, it was proposed that an entirely new target compound should be designed. A 
general target compound 120 was established, incorporating an XPS tag into the final 
structure as well as an amine and azide (Figure 120).  
 
Figure 120. General target compound for complex azide analogues 
In practice however, there was an ever present issue of orthogonality in the 
introduction of each three components. The first design introduced the methodology 
which would later be utilised in the synthesis of anilinic compounds for in situ 
  
209 
  
diazonium formation (Scheme 30). The synthesis of compounds 58, 87 and 88 
proceeded in moderate to high yield, to give the precursor to the final azide product. 
Synthesis of the aryl azide required acidic conditions which would most likely cleave 
the protecting group on the alkyl amine, however it was thought that while this would 
result in a deprotected amine, it should not interfere with the synthesis of aryl azide. 
Scheme 30. Synthesis of aryl azide from aniline: Reaction conditions (i) Boc2O, 
DCM, 16 h, 97%; (ii) 5-fluoro-2-nitrobenzotrifluoride, DMF, 100 °C, 80 min, 74%; 
(iii) H2, Pd/C (10%, 10% w/w), MeOH, 16 h, 68% (iv) NaN3, NaNO2, HCl, 
H2O:ether (1:4), 1hr, r.t.   
Unfortunately, the reaction conditions appeared to degrade the compound, which was 
very difficult to purify, into an unidentifiable mix of compounds. As such, even with 
the discovery that re-positioning of the CF3 group could improve reactivity of the aryl 
amine, it was surmised that the protocol established in literature for the conversion of 
aniline to azide would have the same effect of compound decomposition regardless of 
the relative CF3 position; so the synthesis of this target compound was abandoned. 
It was then thought that the aryl amine could be utilised as a synthetic handle to attach 
further functional groups, which could be converted to an azide in the final step. Three 
pathways were chosen: N-acylation from acyl chloride, amide bond synthesis from 
carboxylic acid, and SN2 reaction with alkyl bromide, highlighted in Scheme 31. 
Although imine formation with an aldehyde was also considered, the selection of an 
aldehyde building block which would introduce new functional groups appropriate for 
conversion to azide was difficult. Each synthetic pathway was considered, keeping in 
mind the requirements established at the beginning of the project in terms of the 
application to carbon fibre. For each pathway, the synthetic steps required to convert 
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the aniline to a linker with a terminal azide would each add two to three synthetic steps, 
making the total synthesis between 6 and 7 steps long. 
 
Scheme 31. New synthetic pathways considered for complex azide analogues 
Owing to the length of each synthetic pathway, and the potential to lose product at 
every step, all three were considered impractical for the large scale synthesis of azide 
for the application of carbon fibre. Having performed significant investigations into 
the success and practicality of the synthesis of complex azides for nitrene formation 
(despite the success of the functionalisation strategy), it was considered inappropriate 
for further investigation within the context of this project. 
10.3 XPS ratios for additional control samples undertaken for 
nitrene Chapter 4 
Table 33. Atomic ratios as determined by XPS 
  Oxidised 
control 
Unoxidised 
control 
Oxidised 
NMP 
Unoxidised 
NMP 
 
Entry Element Mean Dev. Mean Dev. Mean Dev. Mean Dev.  
1 C 1 0 1 0 1 0 1 0  
2 O 0.088 0.000 0.032 0.001 0.025 0.001 0.078 0.001  
3 N 0.052 0.002 0.018 0.001 0.022 0.001 0.047 0.004  
4 Si 0.005 0.001 0.003 0.000 0.002 0 0.006 0.001  
5 S 0.001 0.000 0.001 0.000 ND ND ND ND  
6 Cl 0.001 0.000 0 0 0.001 0 0.003 0  
7 F 0 0 0 0 0.010 0.001 0.018 0  
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10.4 XPS data from Chapter 4
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Figure 121. Survey scan of (a) unoxidised control, (b) Bingel control and (c) 15 
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Figure 122. High resolution N1s of (a) unoxidised control, (b) Bingel control and (c) 
15 
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10.5 XPS data from Chapter 4 N-acyl amine 
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Figure 123. Survey scan of (a) 38a, (b) 38b, (c) 39a, (d) 39b 
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Figure 124. High resolution C1s of (a) 38a, (b) 38b, (c) 39a, (d) 39b 
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Figure 125. High resolution O1s of (a) 38a, (b) 38b, (c) 39a, (d) 39b 
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Figure 126. Survey scan of (a) 38a, (b) 38b, (c) 39a, (d) 39b 
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10.6 XPS data from Chapter 4 N-acyl nitro 
550 500 450 400 350 300 250 200 150 100 50 0
In
te
ns
ity
 (c
ps
)
(d)
(c)
(b)
(a)
C1s
O1s
N1s
 
Figure 127. Survey scan of (a) oxidised control, (b) 38a, (c) 41a, (d) N-acylation 
control 
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Figure 128. High resolution C1s of (a) oxidised control, (b) 38a, (c) 41a, (d) N-
acylation control 
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Figure 129. N1s curvefit of oxidised n-acyl nitro sample highlighting the different 
nitrogen species present (N1 to N5), with N5 representing the nitro-N species, and 
N1 to N4 remaining unidentified 
10.7 AFM data for samples from Chapter 4 
 
Figure 130. All 3 × 3 μm images for oxidised control CF 
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Figure 131. All 3 × 3 μm images for unoxidised control CF 
 
 
Figure 132. All 3 × 3 μm images for sample 38(a) 
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Figure 133. All 3 × 3 μm images for sample 38(b) 
 
 
Figure 134. All 3 × 3 μm images for sample 39(a) 
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Figure 135. All 3 × 3 μm images for sample 39(b) 
 
 
Figure 136. All 3 × 3 μm images for sample 3(a) 
  
219 
  
 
Figure 137. All 3 × 3 μm images for sample 3(b) 
10.8 AFM calculated adhesion of oxidised and unoxidised 
samples from Chapter 4 
Adhesion was calculated from AFM height images collected on single carbon fibres 
with a Digital Instruments Dimension SPM 3000. The instrument was operated in 
contact mode using a silicon nitride probe with a pyramidal tip, on a cantilever with a 
low spring constant (0.12 N/m). Three single filaments were selected from each tow 
sample and fixed on a glass slide with double sided adhesive tape. A minimum of three 
different positions (3x3 μm) on each fibre were tested (a total of 256 adhesion plots 
per position) to obtain a representative adhesion value.  
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Figure 138. Average adhesion for oxidised CF samples  
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Figure 139. Average adhesion for unoxidised treated and untreated samples 
 
Values reported were calculated using Nanoscope 5.31 offline software from contact 
to release (unless indicated differently). Mean values without a standard deviation 
value were adjusted to include off-scale data. Values in red were calculated using start 
to release. 
 
  
221 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
34
. A
dh
es
io
n 
of
 o
xi
di
se
d 
tr
ea
te
d 
an
d 
un
tr
ea
te
d 
sa
m
pl
es
 d
et
er
m
in
ed
 b
y 
AF
M
 
 
O
xi
di
se
d 
co
nt
ro
l 
38
(a
) 
39
(a
) 
3(
a)
 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
98
0.
89
5 
26
1.
96
1 
25
6 
40
7.
79
6 
11
3.
95
9 
25
6 
32
7.
53
7 
46
.8
83
 
25
6 
46
.4
67
 
30
.2
20
 
25
6
58
6.
48
9 
19
4.
98
5 
25
6 
41
8.
22
7 
na
 
25
5 
40
8.
29
3 
76
.5
72
 
25
6 
20
9.
96
6 
34
.4
93
 
25
6
53
0.
46
6 
na
 
22
5 
39
3.
54
7 
na
 
20
5 
45
2.
03
3 
15
0.
96
7 
25
6 
50
0.
87
0 
86
.4
86
 
25
6
45
3.
06
7 
10
2.
26
1 
25
6 
12
28
.3
01
 
na
 
23
5 
16
2.
33
7 
34
.3
91
 
25
6 
14
7.
55
0 
35
.7
87
 
25
6
48
1.
80
4 
78
.3
43
 
25
6 
10
96
.6
91
 
na
 
15
7 
31
2.
40
3 
na
 
25
5 
47
4.
39
1 
na
 
25
6
53
0.
51
5 
10
6.
20
5 
25
6 
65
6.
66
8 
na
 
24
7 
62
.7
19
 
33
.6
56
 
25
6 
43
9.
09
4 
na
 
25
6
32
8.
45
2 
na
 
25
6 
50
8.
69
9 
na
 
25
6 
47
9.
69
8 
10
2.
02
5 
25
6 
20
6.
96
1 
na
 
24
8
51
4.
84
0 
na
 
25
6 
49
7.
25
8 
11
6.
45
0 
25
6 
48
2.
16
0 
na
 
25
5 
21
0.
99
4 
51
.4
48
 
25
6
48
8.
02
7 
na
 
24
8 
53
2.
92
3 
90
.3
30
 
25
6 
41
9.
52
1 
na
 
25
6 
13
4.
41
8 
38
.6
95
 
25
6
Va
lu
es
 h
ig
hl
ig
ht
ed
 re
d 
we
re
 ca
lc
ul
at
ed
 u
si
ng
 st
ar
t-
to
-r
el
ea
se
 
  
222 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
34
. A
dh
es
io
n 
of
 u
no
xi
di
se
d 
tr
ea
te
d 
an
d 
un
tr
ea
te
d 
sa
m
pl
es
 d
et
er
m
in
ed
 b
y 
AF
M
 
 
Un
ox
id
is
ed
 c
on
tr
ol
38
(b
) 
39
(b
) 
3(
b)
 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
m
ea
n 
St
d.
de
v 
n 
50
5.
50
7 
16
4.
23
7 
25
6 
10
0.
66
7 
39
.6
79
 
25
6 
37
3.
57
2 
11
8.
19
8 
25
6 
18
6.
54
2 
25
.4
59
 
25
6 
53
5.
12
8 
14
6.
26
9 
24
0 
39
5.
64
5 
na
 
25
6 
39
5.
84
2 
99
.2
29
 
25
6 
20
2.
17
3 
32
.8
86
 
25
6 
44
4.
75
3 
85
.3
66
 
25
6 
41
8.
95
8 
11
.5
72
 
25
5 
32
7.
21
9 
na
 
24
0 
25
6.
27
7 
63
.4
23
 
25
6 
36
1.
55
2 
10
5.
02
3 
25
6 
46
8.
48
2 
na
 
22
4 
35
0.
13
4 
na
 
24
6 
37
.3
63
 
27
.8
17
 
25
6 
43
4.
79
3 
11
6.
83
8 
25
6 
51
4.
44
6 
14
9.
80
2 
25
6 
26
0.
44
2 
33
.0
62
 
24
4 
23
0.
34
4 
41
.8
98
 
25
6 
41
7.
17
8 
24
1.
22
4 
25
6 
48
4.
84
0 
95
.5
71
 
25
6 
31
4.
60
1 
83
.1
14
 
25
6 
23
8.
64
4 
58
.3
62
 
25
5 
66
4.
33
2
na
24
0
54
5.
00
5
na
24
3
41
8.
16
8
12
9.
32
8
25
6
17
0.
31
6
50
.5
57
25
1
68
7.
32
6 
na
 
25
6 
50
8.
06
7 
na
 
23
7 
42
4.
73
0 
14
0.
87
8 
25
6 
23
3.
52
8 
50
.0
80
 
25
5 
63
7.
05
6 
13
9.
38
3 
25
6 
48
8.
28
3 
12
5.
08
0 
25
6 
29
2.
59
0 
47
.0
12
 
25
6 
21
0.
34
7 
na
 
25
6 
Va
lu
es
 h
ig
hl
ig
ht
ed
 re
d 
we
re
 ca
lc
ul
at
ed
 u
si
ng
 st
ar
t-
to
-r
el
ea
se
 
  
223 
  
10.9 XPS data for samples from Chapter 5 cycloaddition 
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Figure 140. Survey scan of (a) 75, (b) 76, (c) cycloaddition control, (d) deprotection 
control 
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Figure 141. O1s curvefit of cycloaddition deprotected sample highlighting the 
different unidentified oxygen species present (O1 to O5) 
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Figure 142. N1s curvefit of cycloaddition deprotected sample highlighting the 
different nitrogen species present (N1 to N5), with N5 representing the nitro-N 
species, and N1 to N4 remaining unidentified 
10.10 AFM data for samples from Chapter 6 cycloaddition 
 
Figure 143. All 3 × 3 μm images for sample 75 
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Figure 144. All 3 × 3 μm images for sample 76 
 
10.11 XPS data for samples from Chapter 6 ortho-diazonium 
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Figure 145. Survey scan of (a) 89, (b) diazonium control, (c) 90, (d) deprotection 
control 
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Figure 146. High resolution O1s (a) 89, (b) diazonium control, (c) 90, (d) 
deprotection control 
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Figure 147. O1s curvefit of diazonium deprotected sample highlighting the different 
unidentified oxygen species present (O1 to O5) 
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Figure 148. N1s curvefit of diazonium deprotected sample highlighting the different 
unidentified oxygen species present (N1 to N7) 
10.12 Derivatisation of ortho-diazonium using trifluoroacetic 
anhydride 
   After XPS analysis of the first diazonium analogues showed little to no change in 
surface chemistry, it was initially proposed that the result may have indicated that the 
treatment may have occurred but in very low quantities. As such, it was thought that 
if there were free amines present on the surface as a result of the surface treatment, 
they could be derivatised using another trifluoro functional group to further enhance 
detection (Figure 146). The XPS analyses of these samples are presented below. 
 
Figure 149. Derivatisation reaction conditions and proposed product 123  
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Figure 150. Survey scan of (a) derivatisation control, (b) protected amine control, 
(c) 123 
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Figure 151. High resolution C1s of (a) derivatisation control, (b) protected amine 
control, (c) 123 
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Figure 152. High resolution O1s of (a) derivatisation control, (b) protected amine 
control, (c) 123 
412 410 408 406 404 402 400 398 396 394
(c)
(b)
(a)
Binding energy eV
In
te
ns
ity
 (c
ps
)
 
Figure 153. High resolution N1s of (a) derivatisation control, (b) protected amine 
control, (c) 123 
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Figure 154. High resolution F1s of (a) derivatisation control, (b) protected amine 
control, (c) 123 
Unfortunately, the results of this study indicated that the derivatisation reaction 
conditions resulted in the same chemical changes regardless of the presence of a 
protected or de-protected amine. It was thought that the adsorption of TFAA or the 
participation of non-target functional groups on the fibre surface could have skewed 
results. A second derivatisation reaction was proposed.  
10.13 Derivatisation of ortho-diazonium using nitro tag 
 
Figure 155. Derivatisation reaction conditions and proposed product  
  
231 
  
1100 1000 900 800 700 600 500 400 300 200 100 0
(c)
(b)
(a)
Binding energy eV
In
te
ns
ity
 (c
ps
)
 
Figure 156. Survey scan of (a) derivatisation control, (b) protected amine control, 
(c) 124 
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Figure 157. Survey scan of (a) derivatisation control, (b) protected amine control, 
(c) 124 
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Figure 158. High resolution O1s of (a) derivatisation control, (b) protected amine 
control, (c) 124 
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Figure 159. High resolution N1s of (a) derivatisation control, (b) protected amine 
control, (c) 124 
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Figure 160. High resolution F1s (a) derivatisation control, (b) protected amine 
control, (c) 124 
Again the results of the study gave inconclusive results, and unexpected changes in 
surface chemistry on both control samples (a and b), as well as the deprotected sample. 
The results of the derivatisation trials combined with the original XPA data for the 
diazonium functionalisation and deprotection indicated the functionalisation treatment 
was unsuccessful. Another pre-derivatisation strategy is currently underway in our 
laboratory.  
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10.14 AFM data for samples from Chapter 6 ortho-diazonium 
 
Figure 161. All 3 × 3 μm images for sample 89 
 
Figure 162. All 3 × 3 μm images for sample 90 
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10.15 XPS data for meta-diazonium (first samples) 
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Figure 163. Survey spectra of (a) 97, (b) diazonium control, (c) 98,(d) deprotection 
control 
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Figure 164. High resolution C1s of (a) 97, (b) diazonium control, (c) 98,(d) 
deprotection control 
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Figure 165. High resolution O1s spectra of (a) 97, (b) diazonium control, (c) 98,(d) 
deprotection control 
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Figure 166. High resolution F1s spectra of (a) 97, (b) diazonium control, (c) 98,(d) 
deprotection control 
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Figure 167. N1s curvefit of meta-diazonium deprotected sample highlighting the 
different unidentified oxygen species present (N1 to N7)  
10.16 XPS data for meta-diazonium (rewashed samples) 
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Figure 168. Survey scan spectra of (a) control, (b) 99, (c) 100 
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Figure 169. High resolution C1s spectra of (a) control, (b) 99, (c) 100 
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Figure 170. High resolution O1s spectra of (a) control, (b) 99, (c) 100 
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10.17 AFM data for samples from Chapter 6 meta-diazonium  
 
Figure 171. All 3 × 3 μm images for sample 99 
 
Figure 172. All 3 × 3 μm images for sample 100 
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